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  Abstract 
Poly(amidoamine) dendrimer (PAMAM) are highly branched macromolecules with 
reactive amine groups in their interior and exterior. PAMAM dendrimers were attached to 
controlled pore glass (CPG) surfaces in order to create new functionalized surfaces and used 
as platforms for UV-vis and fluorescent sensing of phosphate substrates via indicator 
displacement assays (IDA).  
CPG surfaces were first modified with different sized PAMAM dendrimers 
(generation 3.0, 4.0, and 5.0), then reacted with two strong metal-chelators: 
aminofunctionalized terpyridine (synthesized from 2,2’:6’,2’’-terpyridine) and Nα-Nα-
bis(carboxymethyl)-L-lysine (Lys-NTA). First of all, Cu(II) metal ion binding capacities 
were measured on the surfaces. Second, two terminal group density tests, amine assay and 
CDI assay on modified CPG matrices, were performed after the corresponding synthetic 
steps. Third, an anionic color dyes 6,7-dihydroxy-4-methylcoumarin (DHMC) was selected to 
react with the metal ions loaded beads, serving as the first step of the IDA. The results show 
that dendrimer generation (size) and the terminal group strongly affect the electrostatic 
uptake of metal ions and anionic dyes in buffered aqueous solution. The final surfaces were 
exposed to phosphate substrates to test their selectivity, serving as the second step of the IDA. 
Color changes for both of the solutions and the beads were observed during the IDAs. 
Indicator-Metal-Ligand ternary complex formation constants were also determined as 
a reference to the surface works using two colorimetric dyes, bromopyrogallol red (BPR) and 
pyrocatechol violet (PV). Three metal ions tested were Cu2+, Ni2+, and Zn2+. 
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Introduction 
 
In this work, chemosensors were created by the generation of a variety of functional 
groups on controlled pore glass (CPG). In this chapter, important chemical and physical 
properties of CPG as well as an important building block of the sensors, PAMAM dendrimer, 
are reviewed. Finally, the indicator displacement assay (IDA) is introduced as a method to 
detect small molecules by color change.1  
 
1.1 Controlled Pore Glass (CPG) 
As an inorganic support, CPG is commonly used in liquid chromatography and 
associated processes for the separation of biological molecules, including proteins, enzymes, 
carbohydrates, and nucleic acids. In this part the introduction, the physical and chemical 
properties of CPG are introduced.  
 
1.1.1 Background 
Controlled pore glass (CPG) is a type of porous solid produced from silicon dioxide. 
The applications that utilize porous solids are best known as heterogeneous catalysis and the 
separation and purification of substances by adsorption.2 The interconnected networks of 
pores and cavities inside of porous materials dramatically increase their surface areas. This 
means more reactive surface groups and space for further modifications and trapping 
molecules, respectively. Porous solids can be classified as macroporous (pore diameter above 
50 nm), mesoporous (pore diameter ranging from 2 to 50 nm), and microporous (pore 
diameter below 2 nm).2  
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CPG offers many advantages over organic solid supports. First, its physical 
properties are unaffected by high pressure or collision. Therefore, organic solvents, corrosive 
solvents and concentrated acids can be safely applied to the matrix without altering its pore 
sizes.3 CPG is available and can be customized in a series of particle sizes and pore sizes. In 
addition, commercially, derivatized CPG can be purchased with pre-attached reactive 
functional groups, convenient for many new application areas. High surface reactivity and 
good commercial availability make CPG one of the most extensively studied and 
characterized amorphous solids.4 CPG surfaces can be easily activated through reactions of 
the surface hydroxyl groups with many molecules depending on the research purposes. 
 
1.1.2 Pore Size and Particle Size 
CPG particles are manufactured from a borosilicate base material.3 As the material is 
heated, the borates are leached out generating a silica glass with uniform and controlled pore 
sizes.3 This procedure leads to narrow pore size distributions on CPG matrix with at least 
80% of the pores within ±10% of the mean pore diameter.3 In this project, chemosensors are 
constructed by grafting several self-assembled monolayers, one by one, to CPG surfaces for 
realizing different sensing purposes. Quantitative information of the resulting sensor surfaces 
must be obtained in order to thoroughly understand binding mechanisms in detail. With the 
narrow pore size distributions of the CPG materials, reliable starting points are given for 
estimating chemical uses as well as characterizing final products. Particularly, it helps to 
determine surface functional group density and metal ion loading capacity.  
From Millipore, CPG particles can be purchased with pore sizes ranging from 0.3 nm 
to 1000 nm and mesh size of 37-74 µm, 74-125 µm, and 125-177 µm.3 Mesh size indicates 
that a material will pass through some specific mesh (a maximum size) but will be retained 
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by some specific tighter mesh (a minimum size).5 To create highly sensitive sensor systems 
for detecting small molecules, a large number of surface functional groups per unit mass of 
CPG are needed. To generate these groups, ligands and other molecules are covalently 
attached to the surface hydroxyl groups. According to the study by Zhuravlev, the surface 
density of hydroxyl groups is a physiochemical constant for a fully hydroxylated surface.6 
Therefore a large surface area indicates higher surface group density, which means a larger 
surface area is preferred for this project. The relationship between the pore diameter of 
Millipore’s CPG media and the internal surface area is listed in Table 1-1.3  
 
Table 1-1. Relationship of CPG medium internal surface area to pore diameter3 
 
Pore Diameter 
(nm) 
Internal Surface Area 
(m2/g) 
7.5 340 
17 150 
24 110 
35 75 
50 50 
70 36 
100 25 
140 18 
200 13 
300 9 
 
As the size of the pore diameter decreases from 300 nm to 7.5 nm, its internal surface 
area increases from 9 m2/g to 300 m2/g. Although smaller pore size leads to larger surface 
area, one other critical aspect that needs to be taken into account for selecting a desired CPG 
product is steric effect. The pore size should be large enough to accommodate the size of the 
surface functional groups and allow them to remain fully open for further reactions. 
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1.1.3 The Surface Chemistry of CPG 
Between 25 °C and 190 °C, there are four types of silanol groups on an amorphous 
silica surface: (a) isolated silanols; (b) geminal free (geminal silanols or silanediols); (c) 
vicinal or bridged, or OH groups bound through the hydrogen bonded silanols (H-bonded 
single silanols and H-bonded geminals); (d) siloxanes, as in Figure 1-1.7 
 
 
 
Figure 1-1. Reproduced from Zhuravlev.7 Types of surface groups on the CPG: a. single 
silanols; b. geminal silanols and silanediols; c. vicinal silanols; d. surface siloxanes. 
 
The surface silanols are formed through two main processes. The groups can be 
created during the condensation polymerization of Si(OH)4, as shown in Figure 1-2 a, or 
through rehydroxylation of dehydroxylated silica with water or aqueous solutions which is 
the most common way for generating surface hydroxyl groups, as shown in Figure 1-2 b.7 
The surface silicon atoms have a tetrahedral configuration and the surface silanol groups 
become completely saturated with hydroxyl groups in aqueous solution.7 
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Figure 1-2. Reproduced from Zhuravlev.7 The two methods for formation of surface silanol 
groups on amorphous silica: (a) Condensation polymerization; (b) Rehydroxylation. 
 
At 25 °C, in a vacuum, the amorphous silica surface is in a maximum state of 
hydroxylation and all the different types of silanol groups are present. The surface is covered 
with multilayers of physically adsorbed water with a H-bond network, as shown in Figure 1-
3.7 When the temperature reaches 190 °C, only a H2O monolayer remains. Between 190 °C 
and 400 °C, in a vacuum, the surface adsorbed water is completely removed and there is a 
maximum hydroxylation on the dry SiO2 surface.7 
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Figure 1-3. Reproduced from Zhuravlev.7 Water multilayers form on amorphous silica 
surface at 25 °C in a vacuum.  
 
 
The deuterium exchange (DE) method was reported by Zhuravlev for determining the 
concentration of hydroxyl groups on the surface of amorphous silica.7 The advantage 
discovered was that deuterium exchange was limited to the surface under certain conditions, 
involving no structurally bound water inside the silica. The concentration of the hydroxyl 
groups αOH (hydroxyl groups per nm2) was calculated using Equation 1-1.  
€ 
αOH = δOH × NA ×10−21 × S−1                                               1-1 
Where αOH is the concentration of the hydroxyl groups on the surface of the amorphous silica 
sample, δOH is the concentration of the hydroxyl groups per unit mass of the sample, NA is the 
Avogadro number, and S is the surface area. The S is determined by the Brunauer-Emmett-
Teller (BET) method, which measures low temperature adsorption of krypton (the area 
occupied by on Kr atom in a monolayer).7 
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The concentration of hydroxyl groups δOH (mmol hydroxyl groups per g) on the 
surface of an obtained amorphous silica sample obtained was directly proportional to its 
surface area S (m2 per g), as shown in Figure 1-4.7 Using the DE method, the average 
hydroxyl group concentration αOH, AVE measured for maximum hydroxylated samples was 
reported as 4.6 ± 0.5 OH nm-2 (least –square method) and 4.9 ± 0.5 OH nm-2 (arithmetical 
mean). 
 
 
 
Figure 1-4. Reproduced from Zhuravlev.7 Using the DE method, the concentration of 
hydroxyl groups δOH (mmol OH g-1) is directly proportional to the surface area S (m2g-1) of 
the silica sample. The samples used in the tests meet following requirements: 1) Sample 
surfaces are completely hydroxylated. 2) Water molecules are able to diffuse to the inside of 
pores. 3) There should be no structurally bound water inside of the silica skeleton. 4) The 
silica sample should be free of impurities. 5) The structure of the silica sample is stabilized.  
 
1.2 Dendrimers 
This section introduces dendrimers, specifically water-soluble polyamidoamine 
(PAMAM) dendrimers. PAMAM dendrimers are one of the most widely studied synthetic 
macromolecules due to their highly ordered three-dimensional architecture and great 
functionality in terms of the highly reactive surface amine groups. In this work, PAMAM 
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dendrimers are covalently attached to the CPG surface to form a dendrimer monolayer, which 
in return dramatically increases surface functional group density for highly sensitive sensor 
surfaces. Under the following subtitles, several important properties of dendrimers are 
introduced, such as theoretical molecular weight, surface group density, and number of 
branching units (as a function of dendrimer generation). Other properties include shape, size, 
terminal group distribution, branching units arrangement, molecular volume, and behavior in 
aqueous solutions. 
 
1.2.1 Background 
Dendrimer is a word derived from the Greek word Dendron, meaning tree.8 As a 
result of the unique physical and chemical properties of dendrimers, they have a wide range 
of potential applications. These macromolecules can be used in mimicking functions of 
biological systems in life processes. In addition, all of their other applications are rapidly 
expanding areas of modern chemistry, such as drug and gene delivery to medical 
diagnostics,9,10 chemosensors,11 catalysis,12 and building blocks of super molecules.13  
Dendrimers are highly ordered macromolecules formed by assembling small 
molecules into structurally defined macromolecules, or hyper-branched macromolecules.4 
The compounds possess three major architectural components: an initiator-core, an interior, 
and an exterior, in general, as shown in Figure 1-5. The example used in Figure 1-5 is a 
generation 2.0 PAMAM dendrimer with an ethylenediamine (EDA) initiator-core. The 
initiator-core may be as small as an atom or as large as a multi-carbon chain. The interior 
contains branching units with radial connectivity to the initiator-core. As for PAMAM 
dendrimers, their interior secondary amino groups may be a cause of non-specific bindings 
for metal ions and certain chemicals. The third component, the exterior, is indicated as the 
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outer circle in Figure 1-5. It consists of a large number of surface groups attached to the 
outermost generation of the dendrimer, especially for higher generation dendrimers. Overall, 
beginning with a suitable initiator-core, molecular details are sequentially transcribed and 
stored to produce the interior branching units and ultimately the exterior surface functional 
groups. Each subsequent growth step represents a new generation with a larger molecular 
diameter and twice the number of surface groups, resulting in exquisite molecular-level 
control of molecular size and shape, topology, flexibility, and surface chemistry. 
 
 
 
Figure 1-5. Illustration of dendrimer architectural components using a generation 2.0 amine 
surface PAMAM dendrimer with EDA initiator-core. The initiator-core is shown in the inner 
circle. The exterior is indicated in the region of the outer circle. In between is the interior. 
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Tomalia depicted a dendrimer, as illustrated in Figure 1-6, as exhibiting endo-
receptor and exo-receptor properties.3 As an endo-receptor, the dendrimer binds substrates in 
its interior molecular cavities. The exo-receptor function is realized by the interactions 
between the exterior surface groups and the incoming substrate.14 
Biological analogies to the endo-receptor properties may be found in active binding 
sites of enzymes. Examples for exo-receptor properties are antibody-antigen interfaces 
involved in immunological recognition processes15 as well as most protein-protein 
interactions and exo-recognition at membranes or cell walls16. 
 
 
 
Figure 1-6. The plot is reproduced from Tomalia.3 Dendrimer architectural components 
contribute to endo- and exo-receptor properties, I. Initiator-core, II. Interior possesses endo-
receptor properties, and III. Exterior has exo-receptor properties.  
 
The structure of dendrimers can be confirmed using a variety of analytical methods, 
such as C, H, N analysis, mass spectrometric fragmentation patterns, size exclusion 
chromatography (SEC) coupled with low-angle laser light scattering (SEC-LALLS), and 
III. Exterior: Exo-receptor
    a). Shape
    b). Chemistry 
    c). Stoichiometry
    d). Congestion (Steric Effects)
    e). Reaction Kinetics
    f). Flexibility
    g). Fractal Charcter
II. Interior: endo-receptor
   a). Size
   b). Flexibility
   c). Multiplicity
   d). Chemical Composition
   e). Topology (Cavities)
I. Initiator-core
 a). Size
 b). Shape
 c). Multiplicity
 d). Specific Function
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electron microscopy for determining homogeneity.4 Moreover, 13C and 1H NMR 
spectroscopy (T1 relaxation times, signal intensity ratio versus generation) has been proven to 
be the best method for structure verification and branch defect identification (Figure 1-7).4 
 
 
 
Figure 1-7. The graph is reproduced from Tomalia.4 13C NMR spectrum of a generation 7.0 
starburst PAMAM dendrimer with assignments for ideal and defective branches.  
 
1.2.2 Polyamidoamine (PAMAM) Dendrimers 
Polyamidoamine (PAMAM) dendrimers are the most common class of dendrimers in 
use for materials science and biotechnology applications. These dendrimers consist of alkyl-
diamine initiator-cores and tertiary amines as branching units. Unlike classical polymers, 
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PAMAM dendrimers possess a high degree of molecular uniformity, a narrow molecular 
weight distribution, highly functionalized surface groups, and specific size and shape 
characteristics. 
PAMAM dendrimers are highly viscous oils and difficult to handle as neat polymers, 
so they are supplied as solutions in methanol for long-term storage stability. After being dried 
from its stock solution, PAMAM dendrimers can be reconstituted in other application-
specific solvents, such DMSO, dioxine and ethanol.  
In this project, the PAMAM dendrimers were purchased from Sigma-Aldrich and 
Dendritic Nanotechnologies, Inc.TM. From these suppliers, PAMAM dendrimers are available 
from generations 0 to 10.0 and with four different initiator-cores types and a variety reactive 
terminal groups. Illustrated in Figure 1-8 are the four commercially available initiator-cores: 
ethylenediamine (EDA), 1,4-diaminobutane (DAB), 1,6-diaminohexane (HEX), and 1,12-
diaminododeane (DODE). EDA initiator-core PAMAM dendrimers is the most commonly 
studied dendrimer.17,18  
 
 
 
Figure 1-8. PAMAM dendrimers are commercially available in four different initiator-core 
types: ethylenediamine, diaminobutane, diaminohexane, and diaminododecane core. 
 
The available functional terminal groups include primary amine, succinamic acid, 
amidoethylethanolamine, tris(hydroxymethyl)amidomethane, hexylamide, amidoethanol, 
sodium carboxylate, carbomethoxypyrrolidinone, and poly(ethyleneglycol). In this research 
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work, generations of 1.0 to 5.0 amine terminal PAMAM dendrimers with EDA initiator-core 
were selected and applied to CPG for creating highly sensitive colorimetric or fluorescent 
chemosensors. The results have proven that the sensitivity of the resulting surfaces increases 
as a function of dendrimer generation. 
 
1.2.2.1 Molecular Information of PAMAM Dendrimers with Ethylenediamine 
Initiator-core and Amine Terminal Groups 
PAMAM dendrimers have primary amine surface groups at each end and tertiary 
amine groups at each branching point. The distribution of different types of amine groups can 
be determined using several experimental and computational methods. 
The number of surface groups, the number of branching units, and the molar mass of 
the dendrimers can be predicted mathematically. The numbers increase exponentially as the 
dendrimer generation is increased. These values are directly affected by the initiator-core 
multiplicity Nc (number of reactive sites possessed by the initiator-core) and the branch-
juncture multiplicity Nb (number of reactive sites possessed by a repeat unit or a branch cell), 
which can be predicted mathematically for ideal systems using Equation 1-2, 1-3, and 1-4: 
Number of surface groups = 
€ 
Nc × Nb ×G                                            1-2 
Number of branching units = 
€ 
Nc ×
NbG −1
Nb −1
                                          1-3 
Theoretical molar mass = 
€ 
Mc + Nc × MBU ×
NbG+1 −1
Nb −1
+ MSG × NbG+1
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥          1-4 
where G is the generation of the dendrimer, Mc, MBU, and MSG are the molar masses of the 
initiator-core, branching units, and surface groups, respectively.4 
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For example, one may calculate the theoretical molar mass of a generation 5.0 
PAMAM dendrimer with EDA initiator-core using Equation 1-4 to be 29139.47 g/mol. 
Firstly, the molar masses of its initiator-core, branching units and surface groups are 
determined to be 56.068 g/mol, 99.133 g/mol, and 16.023 g/mol, respectively, as seen in 
Figure 1-9. Then, these values are substituted in Equation 1-4 to get the molar mass. 
 
 
 
 
Figure 1-9. The molecular structure for a generation 2.0 PAMAM dendrimers with EDA 
initiator-core and amine surface groups.  
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Table 1-2 lists the theoretical values calculated using the method discussed for 
generation 1.0 to 10.0 amine surface PAMAM dendrimers with EDA initiator-core. The 
values of generation 1.0 to 5.0 PAMAM dendrimers are particularly important in this thesis 
work for designing reactant usage as well as helping to explain the experimental results, such 
as, functional group densities and loading capacities of metal ions binding to various sensor 
surfaces. 
 
Table 1-2. Molar mass, number of branching units and number of surface groups of amine 
surface PAMAM dendrimers with EDA initiator-core as a function of generation.4 
 
Generation Molar mass 
(g/mol) 
Number of 
branching units 
Number of 
surface groups 
1.0 1502.03 6 8 
2.0 3344.53 14 16 
3.0 7029.52 30 32 
4.0 14399.50 62 64 
5.0 29139.47 126 128 
6.0 58619.41 254 256 
7.0 117579.28 510 512 
8.0 235499.02 1022 1024 
9.0 471338.51 2046 2048 
10.0 943017.49 4094 4096 
 
Important material information for commercially available PAMAM dendrimers, 
such as molar mass, diameter, solution density and weight percent in methanol, were found 
on the suppliers’ websites. Such information is shown in Table 1-3 for generation 10.0, and 
lower, amine surface PAMAM dendrimers with EDA initiator-core as a function of 
dendrimer generation. This information is directly obtained from Sigma-Aldrich. CAS 
numbers are also included in the table. In comparison to the calculated molar masses listed in 
Table 1-2, for the same type of PAMAM dendrimers, the molar masses in Table 1-3 are only 
slightly different. This implies a reasonable prediction can be offered by Equation 1-3. In this 
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thesis work, all of the predictions and calculations related to PAMAM dendrimers were based 
on the information in Table 1-3. 
 
Table 1-3. Properties of amine surface PAMAM dendrimers with EDA initiator-core as a 
function of generation 
 
Generation Molar mass 
(g/mol) 
Diameter 
(Å) 
CAS number Density 
(g/mL) 
Weight 
percent 
0 516.68 15 155773-72-1 0.854 20 
1.0 1429.85 22 142986-44-5 0.82 20 
2.0 3256.18 29 93376-66-0 0.86 20 
3.0 6908.84 36 153891-46-4 0.863 20 
4.0 14214.17 45 163442-67-9 0.813 10 
5.0 28824.81 54 163442-68-0 0.797 5 
6.0 58046.11 67 163442-69-1 0.806 5 
7.0 116488.71 81 163442-70-4 0.8 5 
8.0 233373.91 97 163442-71-5 0.82 5 
9.0 467144.30 114 163442-72-6 0.87 5 
10.0 934685.09 135 163442-73-7 0.8 5 
- The values are from Sigma-Aldrich website except the diameters.  
- The density values are kept the same as listed on Sigma-Aldrich website. 
 
1.2.2.2 Shapes and Branching Unit Distribution 
Interior symmetry properties help control both the physical and chemical properties 
of PAMAM dendrimers. Theoretically, the symmetrical interior branching provides identical 
paths from the initiator-core to the  surface groups, which give dendrimers the ability to form 
an approximate sphere as well as provide the surface groups with the same opportunity of 
being exposed to steric interactions.4 However, Maiti and co-workers obtained detailed 
structural information about the interior of PAMAM dendrimers and have shown that the 
presence of solvent and various solvent conditions can dramatically affect the distribution of 
branching units of PAMAM dendrimers.19 The research shows that, in the presence of a good 
solvent like water, the successive branching units stretched out radially. This was introduced 
by the excluded-volume interactions as well as the Coulombic repulsions between the solvent 
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molecules and protonated primary and tertiary amines of the dendrimer. At neutral pH, there 
was no evidence indicating a significant change in the shape. However, with decreased pH, 
the sizes of the branching units are further extended. Moreover, as the solvent pH decreased, 
an increasingly spherical character was also observed.19 The other important aspect that 
affects the shape of PAMAM dendrimers is covalent bond constraints. As a result, the shape 
of PAMAM dendrimers changes from an open, starfish-like structure (generation 0~3.0) to a 
clearly spherical structure by generation 5.0.4 Figure 1-10 illustrates the shape transition 
using computer-simulated molecular graphs for generations 0 through 7.0 of starburst 
PAMAM dendrimers with ammonia as initiator-core.4 
This transition to a spherical form can also be interpreted by the ratio of the largest to 
smallest diameter (Iz/Ix) of the molecule as a function of generation, where Iz is the maximum 
diameter predicted and Ix is the minimum, as seen in Figure 1-11.19 Through generation 3.0 
the ratio decreases from about 4.5 to 1.5, indicating a change from a relatively flat shape to a 
nearly spherical shape. Moreover, by generation 5.0 the ratio is already 1.0, which indicates a 
clearly ball-shaped molecular structure.19  
 
 
 
Figure 1-10. The graph is reproduced from a study of Tomalia.4 Computer-simulated 
molecular graphics for starburst PAMAM dendrimers as a function of generation.  
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Figure 1-11. This graph is reproduced from Maiti.19 Comparison of change in starburst 
PAMAM dendrimers morphology as a function of generation.  
 
Furthermore, according to Maiti, the presence of counterions also contributed to the 
swelling of dendrimers in a polar solvent.19 As the protonation level increased, a significant 
amount of the counterions were trapped inside of the dendrimers close to the protonated 
primary and tertiary amine sites, especially with some solvated by the water. This caused 
more of the swelling to the molecules at higher protonation levels.  
 
1.2.2.3 Size 
The diameters of PAMAM dendrimers were predicted by quantitative estimation and 
measured using several experimental approaches, such as size exclusion chromatography,4 
small-angle neutron scattering (SANS), and small-angle X-ray scattering (SAXS).19 The 
diameters predicted and measured by Tomalia2 are shown in Table 1-4.  
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Table 1-4. Calculated and experimental determined diameter for PAMAM dendrimers as a 
function of generation4 
 
CPK[b] (Å) Generation dmax[a] 
(Å) C.M.[c] E.M.[d] 
SEC[e] 
(Å) 
0 13 9.6 19.2 10.8 
1.0 24 12.8 28.8 15.8 
2.0 35 17.6 41.6 22.0 
3.0 47 24.1 51.2 31.0 
4.0 57 30.6 65.6 40.0 
5.0 68 38.5 81.6 53.0 
6.0 80 47.5 91.2 67.0 
7.0 - 61.8 104.0 80.0 
8.0 - 78.0 117.0 92.0 
9.0 - 98.0 130.0 105.0 
10.0 - 123.0 143.0 124.0 
[a] dmax is the maximum end-to-end distance between two surface groups and was 
determined periodically and averaged over the entire set of trajectories. 
[b] Diameters are predicted using Corey-Pauling-Koltun models. 
[c] C.M. stands for contracted model. The value refers to a three-dimensional contracted 
model. 
[d] E.M. stands for extended model. The value refers to a three-dimensional extended 
model. 
[e] Diameters are determined by size exclusion chromatography. 
 
The size of PAMAM dendrimers can be influenced by solution pH, ionic 
concentration, and solvent quality. The predictions of extensive molecular dynamics (MD) 
studies by Maiti show an approximate 10 % decrease for the radius of PAMAM dendrimers 
when the solvent quality is decreased.19 Welch and Muthukumar predicted an increase in the 
size of a dendrimer as the ionic concentration and solvent pH are increased.20 These results 
were proved by the predictions of a Brownian dynamics study by Murat and Grest, which 
indicated a decrease of the PAMAM dendrimer because of less favorable solvent 
interactions.21  
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Maiti estimated the size of dendrimers using the mean-square radius of gyration (
€ 
Rg2
).19 For a dendrimer with N atoms the mean-square radius of gyration is given by Equation 1-
5.19 
€ 
Rg2 =
1
M mi × ri − R( )
2[ ]∑                                             1-5 
where R is the center-of-mass of the dendrimer, ri and mi are the position and mass of the ith 
atom, and M is the total mass of the dendrimer. Table 1-5 shows the radius of gyration 
estimated for generation 4.0 to 6.0 PAMAM dendrimers with EDA initiator core along with 
the experimental data obtained by the same group. 
 
Table 1-5. Radius of gyration for PAMAM dendrimers with EDA initiator core as a function 
of generation at various solvent pH19 
 
Experimental results Radius of gyration 
(Å) SAXS SANS 
Generatio
n 
No solvent High pH Neutral pH Low pH Ref 24 Ref 25 Ref 2 
4.0 14.50 16.78 17.01 19.01 17.1 18.60 
5.0 18.34 20.67 22.19 24.76 24.1 23.07 
6.0 22.40 26.76 27.28 30.89 26.3 27.50 
 
22.1 
 
At high pH, tertiary and primary amine groups are not protonated in aqueous 
solutions. At neutral pH, all the primary amine groups are protonated but do not show any 
significant increase in radius of gyration. At low pH, all the tertiary and primary amine 
groups are protonated, resulting in a 30 % to 40 % increase in radius of gyration.19 Figure 1-
12 shows the calculated branching unit distances from the center of the initiator core of the 
dendrimer as a function of the branching unit generation.19 
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Figure 1-12. This graph is reproduced from Maiti.19 Branching unit distance distribution 
graphed for different solvent conditions. Distance is measured from the center-of-mass of the 
initiator-core to the branching point for generation 4.0 to 6.0 PAMAM dendrimers.  
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1.2.2.4 Molecular Surface Area 
The higher generations of PAMAM dendrimers have a relatively large internal 
surface area and solvent-filled volume, which provides functions as endo-receptors. For 
generation 3.0, the ratio of internal surface area to its external surface area is only 14%. 
However, this ratio rises to 29% by generation 4.0, 69% by generation 5.0, and 124% by 
generation 6.0. Therefore, after generation 6.0, PAMAM dendrimers start to possess more 
internal surface area than external surface area.4 
In the presence of good solvents, the dendrimer structure swells, causing a significant 
part of the internal surface and the volume of the dendrimer to be accessible to solvent 
molecules. Consequently, in aqueous solutions, a large number of water molecules penetrate 
throughout the interior of the dendrimer.19 Figure 1-13 presents the structure of the first 
solvation shell within the dendrimer obtained from Maiti. 
 
 
 
Figure 1-13. Reproduced from Maiti.19 Structure of innermost water layer for generation 5.0 
PAMAM dendrimer at low pH. The water surface is shown in gray color. Surfaces of various 
dendrimer atoms are shown in RGB CPK color: blue for nitrogen, red for oxygen, mauve for 
carbon, and white for hydrogen.  
 
The solvent penetration to the interior of the dendrimer molecules leads to a more 
open molecular structure for the dendrimers.19 The available internal surface area is proven to 
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increase dramatically under these two conditions: the presence of good solvent and the 
lowering of solution pH. Table 1-6 gives the available internal surface area for generation 4.0 
to 6.0 PAMAM dendrimers at various solvent conditions. 
 
Table 1-6. Available internal surface area for various generation PAMAM dendrimers at 
various solvent conditions19 
 
Internal surface area (Å2)  
Generation No solvent High pH Neutral pH Low pH 
4.0 664.22 2582.70 3922.10 5621.95 
5.0 1501.90 5015.05 9085.20 15107.32 
6.0 2514.78 12145.56 27702.60 34551.97 
 
1.2.3 Dendrimer Surface Reactions 
In biological systems, small components with controlled size and shape often lead to 
self-assembly, such as cellular vesicles, viruses, phages and RNA.19 Dendrimers are designed 
to mimic these features of fundamental biological entities in terms of their well-defined 
shapes, sizes and surface functional groups. The dendrimer surface functional groups provide 
steric protection to its interior and reactive binding sites for molecular recognition of external 
reagents and solvents. Dendrimer applications rely heavily on the availability of these groups 
as well as their distribution over the molecules.19 
The surface groups of a given dendrimer are sufficiently flexible to fold into the 
interior molecule, especially for the higher generations. This is indicated by location of the 
maximum surface group density, which can be gradually shifted toward the periphery 
(surface) by increasing the protonation level.19 Table 1-7 shows the terminal primary amine 
group distribution at the periphery of the PAMAM dendrimers at various solvent conditions 
for generations 4.0 to 6.0. When the pH is lowered, the primary amine groups are pushed 
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further toward the periphery of the molecule as a result of electrostatic interactions that 
prevent back folding of the surface groups.  
 
Table 1-7. Number of primary amine groups located at the periphery of the PAMAM 
dendrimers at various solvent conditions19 
 
Generation High pH Neutral pH Low pH 
4.0 37 (58 %) 41 (64%) 45 (70%) 
5.0 48 (38%) 75 (59%) 83 (65%) 
6.0 115 (45%) 152 (59%) 143 (56%) 
In parenthesis are the percentages of the surface groups located at the periphery of the 
PAMAM dendrimers. 
 
The solubility characteristics of dendrimers are also critical for many of its 
applications. Solubility is determined by dendrimer hydrophilic-hydrophobic characteristics. 
PAMAM dendrimers have very hydrophilic interiors and could have hydrophobic surfaces 
that could change solubilities. For dendrimers with generation 3.0 and up, the homogeneity of 
symmetrical, branch-junctured surfaces provide unique opportunities to study reaction 
stoichiometry, reaction kinetics and surface charge repulsion. This will be an important factor 
in the description of the sensor systems studied in this research. 
Diallo et al. reported the pKa data for the terminal amine and tertiary amine of the 
EDA initiator-core PAMAM dendrimers as shown in Table 3.1.22 Acid-base titrations of 
aqueous solutions of PAMAM dendrimers were carried out by titration of a dendrimer 
solution (pH 3.5, in deionized water) with a 0.01 M NaOH solution until the pH reached 
11.0.22 The pKa values of the dendrimer terminal and tertiary amine groups were taken as the 
values of the solution pH at the inflection points of the corresponding titration curves fitted 
with a sigmoid function using Mathematica version 4 software.22  
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Table 1-8. Measured pKa data for the terminal amine and tertiary amine of the EDA initiator-
core PAMAM dendrimers as function of generation22 
 
PKa Dendrimers 
Terminal NH2 groups Tertiary NR3 groups 
G3.0-NH2 6.52 9.90 
G4.0-NH2 6.85 10.29 
G5.0-NH2 7.16 10.77 
 
1.3 Indicator Displacement Assay 
Indicator displacement assay (IDA) is an increasingly popular method for converting 
a synthetic receptor into an optional sensor in the field of host-guest chemistry.23 Signal 
change is quantitative and can be measured using a UV-visible spectroscopy or a 
fluorescence spectroscopy.  Over the past few decades, IDAs have been widely used for 
medical and biological purposes.24,25,26 In this section, the non-covalent bonding mechanism 
of IDA’s is discussed in comparison to traditional chemosensors in which hosts covalently 
bind to a receptor.    
Traditionally, chemosensors are constructed by covalently attaching an indicator 
(chromophore of fluorophore) to a receptor through a spacer, known as the indicator-spacer-
receptor (ISR) approach.1 In this strategy, the introduction of an analyte with a desired 
binding affinity for the receptor induces a measurable optical change.  Several well-studied 
mechanisms of the ISR are outlined in Figure 1-14.23 Once the analyte binds to the receptor, a 
color or fluorescent change is detected. For fluorescence indicators, emission can be either 
switched on (Figure 1-14 a), switched off (Figure 1-14, c), or changed in spectrum (Figure 1-
14, b).23 Although ISR is the most popular and well-studied strategy for analyzing small 
molecules, its application has one major limitation. The synthesis may be difficult due to the 
required covalent bonding of the molecules. In contrast to the ISR, indicator displacement 
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assay utilizes a non-covalent bonding interaction that may lead to a simplified synthetic 
pathway.1 Accordingly, the four types of non-covalent interactions: hydrogen bonds, ionic 
bonds, van der Waals forces, and hydrophobic interactions, are critical aspects. 
 
 
 
Figure 1-14. Reproduced from Bau, Tecilla and Mancin.23 Summarization of several ISR 
sensing mechanisms. a. Introduction of an analyte switches on the fluorescent of the ISH 
probe. B. Binding of an analyte to the receptor modifies the emission spectrum of the 
mixture. c. Binding of an analyte to the receptor switches off the fluorescence signal. 
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In an IDA, an indicator is designed to bind reversibly to a receptor before being 
exposed to a targeted analyte. Introduction of an analyte capable of forming a similar 
reversible interaction with the receptor results in a competition between the indicator and the 
incoming analyte for possible binding sites on the receptor. It is important for the binding 
affinity between the indicator and receptor to be weaker than that between the analyte and the 
receptor. Based on this principle, indicators and analytes have been selected for various 
research purposes. Ultimately, the indicator is displaced which in return modulates a 
measurable signal change. The mechanism of IDA is shown in Figure 1-15.1 Anslyn 
classified IDAs into three major types: colorimetric IDA (C-IDA) and fluorescent IDA (F-
IDA) employ colorimetric and fluorescent indicators, respectively; metal complexing IDA 
(M-IDA) utilizes a metal center for coordinating the indicator (a colorimetric or fluorescent 
dye) and the incoming analyte.1 So a M-IDA can also be a C-IDA or a F-IDA. 
 
 
 
Figure 1-15. Reproduced from schematic of the indicator displacement assay.1 
  
The IDA offers many advantages over the traditional ISR approach. First, since the 
IDA adopts a non-covalent bonding interaction, neither the attachment of the indicator to the 
receptor nor the displacement of it by the competing analyte alters the native secondary and 
tertiary structures of the receptor, which is usually hard to avoid during a traditional ISR 
synthesis.24 Second, one can employ several different indicators with the same receptor 
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according to its research purpose.1 Third, the assay has shown promising developments for 
solution-based applications,26-27,28 ,29 as well as for array- or chip-based ones. In such an IDA, 
the receptor is immobilized to a solid support surface prior to any further modifications. 
Materials commonly used as solid supports are silica (controlled pore glass, silica gel, and 
silica nanoparticles), graphite, gold, and quantum dots (crystals of semiconductor materials).  
Anslyn pioneered IDA studies of many molecules of biological and environmental 
importance including glucose oxidase in blood serum26,  phosphatesters27, 
hydroxycarboxylate and diols28, amino acids30, and citric acid in beverage31. Zhang and 
coworkers applied the IDAs for fluorescent labeling of ligand-RNA interactions.24 The 
phosphate and pyrophosphate selectivities have also been studied by Morgan and coworkers 
using C-IDAs for 11 commercially available complexometric indicators under physiological 
conditions.32 
 
1.4 Goals of This Research 
The work to be described was to create a series of chemosensors with several kinds 
of functional groups, which were built on controlled pore glass (CPG) support (Chapter 2). 
These matrices were then used for studying metal ion chelating properties (Chapter 3) and 
small molecule recognition (Chapter 4). The approach adapted to identify different small 
molecules was indicator displacement assay (IDA). To enhance the sensitivity of the IDAs, a 
macromolecule, PAMAM dendrimer, was selected and used as a building block to help 
increase the intended surface group density. To control the selectivity of the small molecules, 
a variety of metal ion-ligand combinations were tested. 
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The goals to be achieved are: 
1. To test the effect of PAMAM dendrimer immobilization on surface functional group 
densities. 
2. To study the properties of metal ion chelation to ethylenediamine (EDA) initiator-
core PAMAM dendrimers with amine terminal groups and other functional groups 
further attached to the sensors. 
3. To investigate metal ion-ligand combinations for highly selective detections of small 
molecules with important chemical or biological applications. 
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Synthesis and Study of Various Functional Surfaces Generated on PAMAM 
Dendrimers Immobilized Controlled Pore Glass 
 
In this chapter, methods used for creating a variety of functional surfaces on 
controlled pore glass (CPG) media are introduced. Two different functional group density 
assays were then conducted to characterize the surfaces. 
 
2.1 Introduction 
Four monolayers were built up on CPG surfaces stepwise for desired applications. 
Activation with 1,1’-carbonyldiimidazole (CDI) gives the first monolayer of N-alkyl 
carbamates (Figure 2-1). Then, the second monolayer is formed by attachment of an 
ethylenediamine (EDA) or diaminobutane (DAB) initiator-core PAMAM dendrimer 
(between generation 1.0 to 5.0). Before several selected ligands are loaded as the last 
monolayer, another CDI activation is performed. The monolayer obtained after the second 
CDI-activation is considered as the third monolayer. 
 
2.1.1 CPG Activation with 1,1’-carbonyldiimidazole (CDI) 
The strategy adapted for activation of the CPG surface is covalent reaction of CDI. 
This method is reported by Pathak and coworkers.1 In their study, highly functional glass 
surfaces for protein immobilization were prepared by a facile activation of native surface 
silanol groups using CDI, which was followed by immobilization of poly(propyleneimine) 
dendrimers of generation 1-5 under anhydrous conditions.1 Another study conducted by 
Stollner and coworkers used a similar approach to activate cellulose dialysis membranes for 
immunosensor applications.2 CDI is a carbonylating reagent with two acylimidazole leaving 
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groups that convert free hydroxyl groups on the CPG into imidazolyl-carbamate groups.2 
When the imidazolyl-carbamate groups are attacked by amino-containing nucleophiles, N-
alkyl carbamates (-CDI groups) are formed, and the reaction liberates one imidazole moiety, 
as seen in Figure 2-1.1,2  
 
 
 
Figure 2-1. Reproduced from Stollner and Scheller.2 Principle of CPG modification with 
1,1’-carbonyldiimidazole (CDI) then immobilized with an amino-containing nucleophile. 
 
For the work described here, the reaction of CDI to the surface silanol groups are 
assumed at a 1:1 ratio. Therefore, for modification of one gram CPG500B (surface area of 
45.2 × 1018 nm2, hydroxyl concentration of 4.6 nm-2), 0.0560 g CDI is needed.3 However, a 
20-fold excess of CDI was used to drive the reaction to completion. 
 
2.1.2 PAMAM Dendrimer Immobilization to CDI-activated CPG 
In this research work, the amino-containing nucleophiles reacting with the CDI 
activated surfaces were amino-terminal PAMAM dendrimers with EDA or DAB initiator-
cores and of generations 1.0 to 5.0. As introduced in the first chapter, the maximum hydroxyl 
concentration on silica is 4.6 ± 0.5 OH/nm2, which implies a high surface functionality for 
further reactions.3 However, without spacers to link and separate the silica hydroxyl groups 
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from the incoming molecules, steric effects would limit the final concentration of the 
molecules attached to the silica. By performing CDI-activation and dendrimer attachment 
reactions, this problem could be solved.  
The experimental conditions were adapted from Pathak et al. by Cheng-Chi Chang.4 
Dendrimer coupling was achieved by reacting the CDI-activated surfaces in a 0.3-1.5 mM 
dendrimer solution in ethanol at room temperature for 24 h. To estimate the volume of a 
PAMAM dendrimer solution needed for modification of every gram of CDI-activated CPG 
sample, the theoretical properties of PAMAM dendrimers listed in Table 1-3 were used in 
calculations.  
Equation 2-1 was used to calculate the values shown in Table 2-1. The calculation 
was based on the assumption that all PAMAM dendrimers maintain a spherical shape and 
fully cover the whole surface area of the CPG. Then each PAMAM dendrimer occupies a 
rectangular area with each side of its own diameter, as shown in Figure 2-2. 
Volume of a PAMAM dendrimer solution = 
€ 
45.2 ×1018nm2( ) × Mi
di2 × NA × ρi ×Wi
               2-1 
where 45.2 × 1018 nm2 is the surface area of the CPG sample (labeled on the package), i is 
generation of the PAMAM dendrimer, di is the diameter of the molecule (nm), NA is the 
Avogadro number (6.022 × 1023 mol-1), Mi is the molecular mass (g/mol), ρi is the solution 
density (g/mL), and Wi is the weight fraction in methanol solution. 
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Figure 2-2. Packing model used for estimating volume use of the PAMAM dendrimers.  
 
Table 2-1. Estimation of volumes used for one gram of amine surface PAMAM dendrimers 
with EDA initiator-core in immobilization reactions as a function of generation. 
 
• In order to simplify the calculations, 0.80 g/mL was used as the solution density for all 
the PAMAM dendrimers. The actual density values are listed in Table 1-3. 
 
2.1.3 Functional Group Density Assays 
Surface densities of the N-alkyl carbamates’ monolayers, formed by the two different 
CDI activation reactions, are of great concern because the physical and chemical properties of 
these layers determine the density of the second self-assembled monolayers (PAMAM 
dendrimers) and the final modification using strong metal ion chelators such as lysine-NTA 
(see Figure 2-5). The procedure for quantification of imidazole concentration on CDI 
activated surfaces was adapted from Stollner.2 A 3 mM (pH 10.0) phosphate buffer was used 
(at 90 °C for 3 h) to release the imidazole groups  (-CDI group) as shown in Figure 2-3. 
Generation Diameter (nm) 
Molar Mass 
(g/mol) 
Weight Percent 
(in methanol) 
Volume 
(mL) 
1 2.2 1429.85 20 0.1386 
2 2.9 3256.18 20 0.1816 
3 3.6 6908.84 20 0.2501 
4 4.5 14214.17 10 0.6586 
5 5.4 28824.81 5 1.854 
	  
38	  
Absorbance of the resulting solution in phosphate buffer solutions were measured at λmax 208 
nm and concentrations were analyzed by comparison to a standard absorbance curve for 
imidazole. 
 
 
 
Figure 2-3. Schematic and reaction conditions of CDI density assay reproduced from 
Stollner.2 
 
The PAMAM dendrimers attachment reactions to CDI activated CPG were carried 
out in an anhydrous condition as even trace amount of water from the atmosphere may cause 
a failure of the reaction. A method from Moon and coworkers, adapted by Cheng-chi Chang, 
was used to measure amine density for the PAMAM dendrimers modified CPG as subsequent 
molecules were reacted with the PAMAM dendrimer layer.4 The reaction of the imine 
formation is shown in Figure 2-4.5 A large excess of 4-nitrobenzyldehyde (NB) reacted with 
CPG-Gx.0 in anhydrous solvents (methanol) to drive the reaction to completion, having as 
many amine groups as possible.5 After the condensation to the imine, the samples were 
washed with absolute ethanol and placed in a sonicator bath in absolute ethanol for 2 min 
before being dried under vacuum. For hydrolysis, the imine-formed substrates were immersed 
in a 0.2% acetic acid solution at 50 °C for 3 h to reverse the reaction and release NB into the 
solution. The λmax of the absorbance of the NB solution was reported as 284-288 nm.5 Similar 
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conditions were used in this thesis work using standard curves for absorbance vs. NB 
concentration. 
 
 
 
Figure 2-4. Reproduced from Moon.5 Schematic of an imine formation. An excess of 4-
nitrobenzaldehyde in dry methanol reacts with the amine groups for 3 hours to transform 
nonabsorbing amino groups into chromophores for UV-visible spectroscopy. 
 
2.1.4 Ligand Attachment on Immobilized PAMAM Dendrimers 
Two metal ion chelators, lysine-NTA and aminofunctionalized terpyridine (A-terpy), 
were chosen to attach to the CDI immobilized PAMAM dendrimers. Metal ions should be 
strongly bound to these chelate sites in aqueous solutions compared to the weaker bindings 
formed between the dendrimer exterior amine groups. In this work, three metal ions, Cu2+, 
Ni2+, and Zn2+ were of great interest. The binding studies of these metal ions with various 
sensing surfaces are covered in Chapter Three. 
 
2.1.4.1 Attachment of Nα , Nα-bis(carboxymethyl)-L-lysine (Lysine-NTA) 
In order to attach a selected chelator to an immobilized PAMAM dendrimer, we must 
activate the terminal amines (with CDI) before linking to the chelator (the metal binding site). 
Lysine-NTA (Figure 2-5) is a good example of a commercially available metal chelator with 
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an amine group attached at the end of a 4-carbon linker. Metal ion loading reactions of 
dendrimer-tethered lysine-NTA, whose structure is in Figure 2-6, were studied in this work. 
 
 
 
Figure 2-5. Molecular structure of lysine-NTA. The linker is a 4-carbon chain and the 
reactive group is an amine group. 
 
 
 
Figure 2-6. Schematic of a dendrimer-tethered lysine-NTA. 
 
Nitrilotriacetic acid (NTA) is a tertiary amino-polycarboxylic acid chelating agent. 
It’s slightly soluble in water and in DMSO, soluble in ethanol, and insoluble in most other 
organic solvents.6 It has pKa1=1.89, pKa2=2.49, and pKa3=9.37 and bears multidentate 
coordination sties. It may form a metal-ligand coordination complex with different types of 
metal ions through its three carboxylic groups and one tertiary amine group, leaving two free 
binding sites.7,8 
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The method for attaching lysine-NTA on the modified CPG surfaces was adapted 
from Cheng-Chi Chang. He found that Friedrich et al. utilized a NTA modified gold surface 
loaded with Ni2+ into a protein-tethered bilayer liquid membrane (ptBLM) for protein 
recognition, as illustrated in Figure 2-7.9 To manipulate the surface concentration of chelating 
NTA molecules, a mixture of dithio-bis(N-succinimidyl propionate) (DTSP) and dithio-bis-
(propionic acid) (DTP) in dry DMSO were used to form a mixed monolayer. DTP is the 
starting material for the synthesis of DTSP. It has a structure similar to DTSP but is unable to 
couple to N-(5-amino-1-carboxypentyl) iminodiacetic acid (ANTA) in pH 9.8 K2CO3 buffer 
to form the NTA monolayer. 
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Figure 2-7. This graph is reproduced from Friedrich.9 Schematic of DTSP/DTP modification 
on gold surface for ANTA attachment. a. Structures of DTSP and DTP. b. Coupling of 
ANTA to form NTA modified monolayer mixed with thio-propionic acid. 
 
Xu et al. discovered a similar synthetic route for making the FePt-NTA as a general 
agent to bind histidine-tagged proteins, as shown in Figure 2-8.10 Protecting the thiol group of 
mercaptoalkanoic acids with acetyl chloride followed by activating the carboxylic group of 2 
with N-hydroxysuccinimide (NHS) yielded 3. Lysine-NTA reacted with 3 to give 5 after 
deprotecting the thiol group. The NTA modified surface was loaded with Ni2+ using excess 
NiCl2⋅6H2O.10 
 
 
 
Figure 2-8. The graph is reproduced from Xe.10 Synthetic route for making the FePt-NTA 
agents for binding of histidine-tagged proteins. 
 
In this work, the route for attachment of lysine-NTA to the CDI-activated surfaces 
was modified based on the two synthetic routes above. The CPG-Gx.0 CDI-activated materials 
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were reacted with five equivalents of lysine-NTA mixed with 10 equivalents of triethylamine 
(TEA) and 6 equivalents of NHS in dry DMSO for 72 hours under argon flow.  
 
2.1.4.2 Attachment of Aminofunctionalized Terpyridine (A-terpy) 
The other chelator-modified surface studied in this work is CPG-Gx.0-terpy, shown in 
Figure 2-9. However, terpyridine is not commercially available with a reactive group attached 
for surface modification. Schubert et al. utilized nucleophilic substitution of 4’-chloro-
2,2’:6’,2’’-terpyridine in the 4’-postion to synthesize mono- and bis-terpyridines with an 
excess of KOH and in dry DMSO solvent.11 In this case, different functional groups opposite 
to the metal binding site could be introduced as shown in Figure 2-10. The 
aminofunctionalized terpyridine, numbered 2 in Figure 2-10, was synthesized following this 
procedure.  
 
 
 
Figure 2-9. Schematic of a dendrimer-tethered aminofunctionalized terpyridine. 
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Figure 2-10. This graph is reproduced from Schubert.11 Schematic of synthetic pathway of 
nucleophilic substitution of 4’-chloro-2,2’:6’,2’’-terpyridine. 
 
Terpyridine, often abbreviated to terpy, is a heterocyclic compound derived from 
pyridine. It is a tridentate ligand that binds metal ions at three meridional sites giving two 
five-membered chelate rings.12 Terpyridine forms complexes with most transition metal ions 
that can be characterized through optical measurements as a result of metal-to-ligand charge 
transfer (MLCT). 
 
2.2 Experimental Section 
2.2.1 Chemicals and Materials 
All reagents were used directly without further purifications. Detailed information for 
each reagent is shown in parenthesis in the order of phase, grade, formula weight and CAS 
number, if necessary. All the glassware was firstly soaked in a 1.0 M nitric acid bath for a 
minimum of 24 hours, then washed with soap and tap water, and finally rinsed with deionized 
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water. Some anhydrous solvents were obtained by storage over molecular sieves for 2-3 days 
and filtration through 30 C Kimax filter funnel.  
Chemicals: Nitric acid (68.0-70.0%, ACS reagent grade, CAS 7697-37-2), acetic 
acid (glacial, ACS reagent grade, CAS 64-19-7), and methanol (reagent ACS/USP/NF grade, 
CAS 67-56-1) were purchased from Pharmco-Aaper. Hydrochloric acid (36.5-38.0%, Baker 
Analyzed ACS reagent, CAS 7647-01-0), sodium phosphate dibasic anhydrous (USP/FCC, 
FW 141.96, CAS 7558-79-4), and triethylamine (TEA, FW 101.19, CAS 121-44-8) were 
purchased from J.T.Baker. Sodium hydroxide (50%, CAS 1310-73-2) was purchased from 
Fisher. The 1,1’-carbonyldiimidazole (CDI, reagent grade, FW 162.15, CAS 530-62-1), Nα, 
Nα-bis(carboxymethyl)-L-lysine hydrate (Lys-NTA, ≥97.0%(TLC), FW 262.26, CAS 
113231-05-3), PAMAM dendrimer ethylenediamine core generation 3.0 solution (G3.0, 20 wt. 
% in methanol, FW 6908.84, CAS 153891-46-4), PAMAM dendrimer ethylenediamine core 
generation 4.0 solution (G4.0, 10 wt. % in methanol, FW 14214.17, CAS 163442-67-9), 
PAMAM dendrimer ethylenediamine core generation 5.0 solution (G5.0, 5 wt. % in methanol, 
FW 28824.81, CAS 163442-68-0), ethyl acetate (ACS reagent, FW 88.111, density 0.902 
g/mL, CAS 141-78-6), dichloromethane (99.6%, ACS spectrophotometric grade, FW 84.93, 
CAS 75-09-2), n-hydroxysuccinimide (NHS, ≥98%, FW 115.09, CAS 6066-82-6), and 
imidazole anhydrous (Grade I, crystalline, FW 68.08, CAS 288-32-4) were purchased from 
Sigma-Aldrich. Starburst Dendrimer in methanol generation 5 - ethylenediamine core – 
amine surface (G5.0(EDA), DNT 250, 9.88 % w/w, FW 28824.81) and Starburst Dendrimer in 
methanol generation 5 – diaminobutane core – amine surface (G5.0(DAB), DNT 106, 20 % w/w, 
FW 28852.86) were purchased from Dendritic Nanotechnologies, Inc.. 4’-chloro-2,2’:6’2”-
terpyridine (chloro-terpy, 98%, FW 267.72, CAS 128143-89-5), 5-amino-1-pentanol (amino-
pentanol, 97%, FW 103.17, CAS 2508-29-4), 4-nitrobenzaldehyde (NB, 99%, FW 151.12, 
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CAS 555-16-8), and 6,7-dihydroxy-4-methylcoumarin (DHMC, 97%, FW 192.17, CAS 529-
84-0) were purchased from Alfa Aesar. DriSolv p-dioxane anhydrous (1,4-dioxane, FW 
88.11, CAS 123.91-1) and DriSolv methylsulfoxide anhydrous (DMSO, FW 78.14, CAS 67-
68-5) were purchased from EMD. 
Materials: Controlled pore glass (CPG) CPG500B (CPG, mesh size 500 Å, pore size 
74-125 µm, surface area 45.2 × 1018 nm2) and controlled pore glass (CPG) CPG1000B (CPG, 
mesh size 1000 Å, pore size 74-125 µm, surface area 31.0 × 1018 nm2) were purchased from 
Millipore. 
 
2.2.2 Instrumentation 
De-ionized water was provided by a SpectraPure Innovators In Water Technology 
Reverse Osmosis & Deionization (RO/DI) System equipped with a SpectraPure BA-ICE-S 
Electronic ICE Controller. Mass measurements were conducted using a LabServeTM Sartorius 
R160P analytical balance. UV-Vis measurements were done on an Agilent 8453 UV-Visible 
Spectrophotometer equipped with an Agilent 89090A Peltier Temperature Controller or on a 
Varian Cary 5000 UV-Vis-NIR Spectrophotometer equipped with a Varian Cary Dual Cell 
Peltier Accessory (model SPV-1X1). Sample rotations were realized with a Buchi Rotavapor 
R-114 and mixing was done on a New Brunswick Scientific Reciprocal Water Bath Shaker 
(model R76).  
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2.2.3 Procedures 
2.2.3.1 Controlled Pore Glass (CPG) Cleaning 
To remove any organic residue on CPG surfaces and to maximize surface hydroxyl 
group density, CPG beads were cleaned immediately before reactions with the strong 
oxidizing agent: concentrated nitric acid. About 2.0 g of CPG beads were weighed into a 
round-bottom flask, then soaked in a volume of 50.0 mL concentrated nitric acid at 70 °C for 
3 hours under nitrogen gas with rotation on a rotary evaporator. The acid cleaned beads were 
filtered with a 40 C Kimax filter funnel, rinsed with 3.0 L of de-ionized water (pH paper was 
used to confirm a neutral pH.), and then dried in a oven at 120 °C for 24 hours. The cleaned 
and dried CPG beads were cooled, stored in a scintillation vial, and kept in a vacuum 
desiccator for future use. 
 
2.2.3.2 Activation of CPG with 1,1’-Carbonyldiimidazole (CDI) 
A volume of 50.0 mL of 0.2 M CDI in anhydrous 1,4-dioxane solution was added 
into a 100 mL round-bottom flask, which contained several grams of cleaned and dried CPG 
media. The reaction was performed at room temperature under nitrogen gas flow with 
rotation on a Rotavapor for 24 hours. After the reaction, the CDI modified matrices were 
filtered through a 40 C Kimax filter funnel, rinsed with 100.0 mL anhydrous 1,4-dioxane for 
every gram, then vacuum dried, stored in a scintillation vial, and kept in a vacuum desiccator. 
 
2.2.3.3 PAMAM Dendrimers Immobilization on CDI-activated CPG 
CPG-CDI beads were weighed out into labeled 20 mL disposable scintillation vials. 
An appropriate volume of methanolic PAMAM dendrimer solution was transferred into a 
disposable culture tube by using a digital pipet, and the solvent was evaporated at room 
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temperature with a nitrogen gas flow. The resulting PAMAM dendrimer oil was dissolved in 
20.0 mL anhydrous DMSO. Each resulting 20.0 mL PAMAM dendrimers solution was 
transferred into a corresponding scintillation vial for reaction with CPG-CDI at room 
temperature with rotation on a Rotavapor for 72 hours. The entire sample was added to a Bio-
Rad Poly-Prep chromatography column and rinsed by flowing 75.0 mL anhydrous 1,4-
dioxane through the sample. Finally, the modified CPG were vacuum dried and stored in a 
desiccator. 
 
2.2.3.4 Nα , Nα-bis(carboxymethyl)-L-lysine(Lysine-NTA) and 
Aminofunctionalized Terpyridine (A-terpy) Attachments  
CPG-CDI-Gx.0 were firstly activated with CDI, and then reacted with Lys-NTA or A-
terpy.  
CPG-CDI-Gx.0 reacted with CDI. A volume of 20.0 mL of 0.20 M CDI/1,4-dioxane 
solution was added into a 20 mL scintillation vial contained 750 mg CPG-CDI-Gx.0. The 
reaction was performed at room temperature with rotation on a rotary evaporator for 24 
hours. The CDI modified matrices were filtered through a Bio-Rad Poly-Prep 
chromatography column, rinsed with 75.0 mL anhydrous 1,4-dioxane, then vacuum dried, 
and stored in a desiccator. 
CPG-CDI-Gx.0-CDI reactions with lysine-NTA or A-terpy. For the attachment of 
lysine-NTA to CPG-CDI-G5.0-CDI, 0.08641 g of lysine-NTA, 0.2000 g of NHS, and 1000. 
µL of TEA were mixed together with 20.0 mL anhydrous DMSO. The mixture was then 
added to a 20 mL scintillation vial, which contained 1.00 g of CPG-CDI-Gx.0-CDI. The 
reaction was performed at room temperature with rotation for 72 hours. The sample was 
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transferred to a Bio-Rad Poly-Prep chromatography column, rinsed with 100.0 mL 
anhydrous per gram of sample, and then dried under vacuum and stored in a desiccator. 
 
2.2.4 Characterizations 
2.2.4.1 Amine Density on CPG: NB Assay 
1. Reagent preparations: 
I. 0.10 M NB/methanol solution: 1.5112 g NB was dissolved in 100.0 mL 
anhydrous ethanol, enough for loadings of five samples. 
II. 0.2 % (v:v) acetic acid solution: 4.00 mL concentrated acetic acid was 
diluted with deionized water to a volume of 2.0 L in a volumetric flask.  
III. 1.00 mM NB solution: 0.15112 g NB was dissolved in 0.2 % (v:v) acetic 
acid solution to make a 1.00 L solution. 
2. Procedure:  
About 50 mg of a CPG-CDI-Gx.0 sample was weighed out on an analytical balance 
into a labeled 20 mL disposable scintillation vial before 20.0 mL of the 0.10 M NB/methanol 
solution was transferred to the vial. The reaction was performed at room temperature with 
rotation for 24 hours. The product CPG-CDI-Gx.0-NB was filtered using a Bio-Rad Poly-Prep 
chromatography column, rinsed with 75.0 mL anhydrous methanol, and dried under vacuum. 
The 50 mg of a dried CPG-CDI-Gx.0-NB sample was split into three 15 mL 
disposable scintillation vials, about 10. mg each (specific masses were recorded.). These NB 
modified samples were hydrolyzed by soaking in 15.00 mL of 0.2 % (v:v) acetic acid solution 
for 4 hours with shaking at room temperature.  
A 1.0 mM NB / 0.2 % (v:v) acetic acid solution was made for calibration. Aliquots of 
10 to 20 µL of the calibration solution were titrated into a 2.500 mL 0.2 % (v:v) acetic acid 
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solution using a P200 digital pipet to create a calibration curve of 5 to 7 data points. UV-vis 
measurements were made 1 minute after each addition in order to ensure a good mixing. 
Finally, the NB concentrations of the soaking solutions were determined by comparing the 
absorbance at 268 nm with the calibration. 
 
2.2.4.2 CDI Density on CPG: Imidazole Assay 
This assay was used for CPG-CDI and CPG-GX.0-CDI samples. 
First, 100.0 mL of 5.0 mM sodium phosphate dibasic (pH 10.00) solution was 
prepared by dissolving 0.07098 g of anhydrous sodium phosphate dibasic in de-ionized 
water. The CDI modified CPG matrices were weighed out into three labeled 15 mL 
disposable scintillation vials, about 10. mg for each (The specific masses were recorded.). A 
volume of 15.00 mL of 5.0 mM sodium phosphate dibasic (pH 10.00) solution was 
transferred into every vial by a volumetric pipet. The vials were shaken at 50 °C for 4 hours 
in a water bath, and cooled to room temperature before UV-vis measurements. A 10.0 mM 
imidazole / 5.0 mM sodium phosphate dibasic solution was made for calibration.  
While hydrolysis reactions were proceeding, a 10 mM Imidazole/5.0 mM sodium 
phosphate dibasic solution was prepared. Additions of 10.0 µL of the 10 mM solution were 
delivered to a volume of 2.000 mL of 5.0 mM sodium phosphate dibasic solution using a 
P200 digital pipet for creation of a calibration curve on UV-vis spectroscopy at 208 nm. The 
imidazole concentrations of the soaking solutions were obtained by comparing the 
absorbance at 208 nm with the calibration. 
 
2.2.5 Aminofunctionalized Terpyridine (A-terpy) Synthesis 
About 1.0 g KOH was weighed into a 30 mL beaker and dried in an oven at 100 °C 
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for 12 hours. The dried KOH was ground into a powder and stored in a scintillation vial. 
About 25 mL DMSO, 0.60 g KOH powder and 0.200 g 5-amino-1-pentanol were transferred 
to a 50 mL round-bottom flask and connected to a rotary evaporator. The mixing was 30 
minutes under an argon flow and an 80 °C water bath with rotation. Next, 4’-chloro-
2,2’:6’2”-terpyridine (0.500 g) was quickly transferred to the round-bottom flask. The round-
bottom flask was reattached to the rotary evaporator and rotated for 4 hours with an argon 
flow and a 70 °C water bath. 
Extraction. The product was washed out from the round-bottom flask using 200 mL 
de-ionized water to a separation funnel. Three additions of 20.0 mL dichloromethane were 
used, and the organic phase was collected in a flask and dried over sodium sulfate. The dried 
organic phase was gravity filtered into a preweighed pear-shaped flask. The pear-shaped flask 
was then connected to a rotary evaporator and the solvent was removed. Products were 
orange colored solids. 
Crystallization. A volume of 100 mL ethyl acetate was heated in an Erlenmeyer 
flask and maintained at a gentle boil. The products from the extraction was transferred to 
another Erlenmeyer flask and dissolved by adding several small portions of warm ethyl 
acetate, 5 to 10 mL each. The mixtures were allowed to boil briefly between each addition of 
ethyl acetate. The mixture was then gravity filtered into an Erlenmeyer flask and cooled to 
room temperature slowly. The Erlenmeyer flask was covered by a watch glass and allowed to 
cool. After crystallization occurred, the sample was put into an ice-water bath and stored in a 
refrigerator. The crystals were collected by vacuum filtration through a Buchner funnel, and 
washed with 5 mL of cold ethyl acetate, and dried in the air for 2 hours. The Buchner funnel 
was covered with an oversized filter paper during the drying. The final product was stored in 
a scintillation vial in the desiccator. 
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2.3 Results and Discussion 
With surface tethered PAMAM dendrimers, the functional densities of primary amine 
groups and imidazole group generated on various CPG samples were dramatically increased 
as a function of dendrimer generation. 
 
2.3.1 Surface Primary Amine Density Assay 
Amino groups were generated on the CPG support after the PAMAM dendrimer 
immobilization reactions. A method adapted from Moon et al. was used for measuring 
surface amine density by an imine formation between the amine group and 4-
nitrobenzaldehyde (NB), which transforms the nonabsorbing amino groups into UV-visible 
absorbing imine groups.5 The imine formation on a PAMAM dendrimer immobilized CPG 
surface is illustrated in Figure 2-11.  
 
 
 
Figure 2-11. Imine formation on a PAMAM dendrimer immobilized CPG surface. NB was 
attached to surface amino groups, then released by being hydrolyzed in a 0.2% (v:v) acetic 
acid solution. 
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The NB concentrations of the hydrolyzing solutions were calculated by comparing 
absorbance at 268 nm with a NB calibration curve. Illustrated in Figure 2-12 is a NB 
calibration curve. For example, an absorbance of 0.1508 was observed when a CPG-G3.0 
sample was hydrolyzed in 15.00 mL of the 0.2% (v:v) acetic acid solution. Using the linear fit 
equation obtained from Figure 2-10, the imine concentration can be calculated as 1.020×10-5 
M. 
 
 
 
Figure 2-12. A calibration curve for NB concentration used in amine density assays. 
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where [NB] is the NB concentration (M) produced in the 0.2% (v:v) acetic acid solution, V 
(mL) is the volume of the solution, NA is the Avogadro’s number (6.022×1023 mol-1), and A is 
the surface area (in nm2) of the CPG support. To simplify the calculations for samples using 
CPG500B (surface area: 45.2×1018 nm2/g) with different masses, Equation 2-3 was used. 
Amine Density = 
€ 
1.322 ×103g⋅ nm−2 ⋅ mol−1( ) × NB[ ] ×V
mCPG
                         2-3 
where [NB] is the NB concentration in the hydrolyzing solution, V is the volume of that 
solution, and mCPG is the mass of the sample. To help visualize the application of Equation 2-
3, one calculation spreadsheet is shown in Table 2-2. In this example, each PAMAM 
dendrimer modified CPG sample was divided into three portions, labeled A, B, and C, 
respectively. The repeatabilities were good, based on the small standard deviations. 
 
Table 2-2. Amine density results of the PAMAM dendrimer immobilized CPG surfaces 
modified on 08-10-2010 
 
Sample 
 
mCPG  
(g) 
V 
(mL) 
NB 
Abs. 
[NB]  
(M) 
DF 
 
Amine Density 
(NH2/nm2) 
Mean 
 Amine Density 
(NH2/nm2) 
CPG-G1.0 A 0.01069 15.00 0.1380 1.020E-05 1.00 0.191   
CPG-G1.0 B 0.01211 15.00 0.1558 1.153E-05 1.00 0.190 0.187±0.005 
CPG-G1.0 C 0.01706 15.00 0.2083 1.546E-05 1.00 0.181   
CPG-G2.0 A 0.01106 15.00 0.2836 2.108E-05 1.00 0.381   
CPG-G2.0 B 0.01336 15.00 0.3385 2.518E-05 1.00 0.377 0.38±0.01 
CPG-G2.0 C 0.00713 15.00 0.1911 1.417E-05 1.00 0.397   
CPG-G3.0 A 0.01134 15.00 0.4525 3.370E-05 1.00 0.594   
CPG-G3.0 B 0.01398 15.00 0.5526 4.118E-05 1.00 0.589 0.591±0.003 
CPG-G3.0 C 0.01231 15.00 0.4893 3.645E-05 1.00 0.592   
CPG-G4.0 A 0.01182 15.00 0.6001 8.946E-05 2.00 1.513   
CPG-G4.0 B 0.01255 15.00 0.6188 9.226E-05 2.00 1.469 1.52±0.06 
CPG-G4.0 C 0.00982 15.00 0.5233 7.799E-05 2.00 1.587   
CPG-G5.0 A 0.01539 15.00 0.7496 1.677E-04 3.00 2.178   
CPG-G5.0 B 0.01053 15.00 0.5006 1.119E-04 3.00 2.124 2.10±0.09 
CPG-G5.0 C 0.01763 15.00 0.7916 1.771E-04 3.00 2.008   
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DF is the dilution factor and used when a solution is measured and absorbance 
exceeds 1. To dilute such a solution, 1.000 mL of the solution was mixed with 2~4 mL of the 
0.2% (v:v) acetic acid solution in a test tube to make a 2~3 times dilution. 
The results of amine density assays repeated with generation 1.0 to 5.0 PAMAM 
dendrimer immobilized CPG samples were listed in Table 2-3 with dates modified. Different 
batches of CPG-G1.0 to CPG-G5.0 samples were measured 2, 2, 4, 4, and 6 times, respectively. 
The results show the reproducibility between each individual sample modified with the same 
generation of PAMAM dendrimer wasn’t as good as expected, especially for lower 
generation PAMAM dendrimers modified samples. This is because a lower generation 
PAMAM dendrimer has a relatively small number of surface groups and therefore a small 
error could result in a big difference for the final surface density calculated.  However, 
improvements are still possible. First, amine density assays should be performed right after 
(same day or the next day) PAMAM dendrimer attachment since surface imine groups are 
very sensitive to moisture from the atmosphere. Secondly, a good practice of sample-
weighing technique is important to reduce sample loss when a sample is being transferred 
from its stock container to the 15 mL glass vials used for imine hydrolysis.  
The imine concentration keeps increasing as the PAMAM dendrimer generation 
increases from 0.20 NH2 / nm2 (generation 1.0 modified) to 2.25 NH2 / nm2 (generation 5.0 
modified), as illustrated in Figure 2-13. Theoretically, the amine density should be doubled as 
the generation number increased by one. The results basically followed this trend, which 
almost doubled from a lower generation to the next one. The reproducibility (%RSD) is 11 % 
for CPG-G1.0, 6 % for CPG-G2.0, 36 % for CPG-G3.0, 24 % for CPG-G4.0, and 18 % for CPG-
G5.0.  
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Table 2-3. Amine density assay results of different PAMAM dendrimer immobilized CPG 
samples 
 
Amine Density (NH2 / nm2)a Date 
CPG-G1.0 CPG-G2.0 CPG-G3.0 CPG-G4.0 CPG-G5.0 
03-01-2010 - - 1.3 ± 0.1 1.62 ± 0.01 2.71 ± 0.03 
04-27-2010 0.22 ± 0.01b 0.35 ± 0.02 0.85 ± 0.05 0.99 ± 0.04 2.19 ± 0.05 
08-10-2010 0.187 ± 0.005 0.38 ± 0.01 0.591 ± 0.003 1.52 ± 0.006 2.10 ± 0.09 
01-19-2011     2.38 ± 0.02 
01-19-2011     1.85 ± 0.05 (DAB)c 
07-26-2011   0.95 ± 0.02 1.1 ± 0.2 1.97 ± 0.02 
08-16-2011    0.98 ± 0.01 1.56 ± 0.01 
Overall 
Amine Density 
(NH2 / nm2) 
0.20 ± 0.02 0.37 ± 0.02 0.8 ± 0.3 1.2 ± 0.3 2.1 ± 0.4 
a Each CDI-activated CPG-Gx.0 sample was analyzed in triplicate. 
b Samples measured on different days were from different batches. 
c All PAMAM dendrimers used in this research work were with an EDA initiator-core 
except for this particular sample, which had a DAB initiator-core. 
 
 
 
Figure 2-13. Mean amine densities from Table 2-3 versus generation for CPG-Gx.0.  
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hydrolysis in a 5 mM phosphate buffer (pH 10.0). CDI groups were released to the buffer 
solution after a 3 h hydrolysis at 50 °C. Absorbance of the resulting solution was measured 
using UV-visible spectroscopy at 208 nm and compared with a calibration curve for 
determining the CDI concentration. An imidazole calibration is shown in Figure 2-15, 
generated by adding aliquots of a 2.341 mM imidazole solution, made in the 5 mM phosphate 
buffer solution, into the buffer solution. The extinction coefficient, 4767 M-1cm-1, was very 
close to one reported by Stollner (4984 M-1cm-1).2 
 
 
 
Figure 2-14. Mechanism and reaction conditions of CDI density assay applied to the samples 
in the thesis work.  
 
 
 
Figure 2-15. An imidazole calibration of a CDI density assay performed on 08-17-2011. 
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To estimate imidazole densities, Equation 2-4 was used for the surfaces generated on 
CPG500B support with a surface area of 45.2×1018 nm2/g. The imidazole density units are 
CDI/nm2. 
Imidazole Density = 
€ 
1.322 ×103g⋅ nm−2 ⋅ mol−1( ) × CDI[ ] ×V
mCPG
                  2-4 
where [CDI] is the imidazole concentration (M) in the hydrolyzing solution, V (mL) is the 
volume of the solution, and mCPG is the mass of the sample.  
The results of CDI density assays repeated with CDI-activated CPG-Gx.0 (generation 
3.0 to 5.0) were listed in Table 2-4 with dates. CDI-activated CPG was used as control for the 
reactions. Different batches of CPG-CDI and CPG-Gx.0-CDI samples were measured in 
triplicates and standard deviation data are also listed below. The reproducibility of each type 
of sample is acceptable as the % RSD for CPG-CDI samples is 127 %, CPG-G3.0-CDI is 24 
%, CPG-G4.0-CDI is 15 %, and CPG-G5.0-CDI is 14 %.  
 
Table 2-4. CDI assay results for CDI-activated CPG and CPG-Gx.0 
 
CDI Density (CDI / nm2)a 
Date 
 CPG-CDI 
CPG-G3.0-
CDI 
CPG-G4.0-
CDI CPG-G5.0-CDI 
08-11-2010 0.81 ± 0.04b 2.02 ± 0.05 2.57 ± 0.06 3.22 ± 0.03 
11-17-2010 0.15 ± 0.04 1.18 ± 0.06 1.84 ± 0.06 2.56 ± 0.07 
11-17-2010 - - - 2.3 ± 0.1 (DAB)c 
07-28-2011 0.12 ± 0.03 1.9 ± 0.3 2.5 ± 0.1 3.21 ± 0.05 
08-17-2011 0.04 ± 0.06 2.19 ± 0.08 2.6 ± 0.06 2.9 ± 0.1 
Overall 
CDI Density 
 (CDI / nm2) 
0.3 ± 0.4 1.8 ± 0.4 2.4 ± 0.4 2.8 ± 0.4 
a Each CDI-activated CPG-Gx.0 sample was analyzed in triplicate. 
b Samples measured on different days were from different batches. 
c All PAMAM dendrimers used in this research work were with an EDA initiator-core 
except for this particular sample, which had a DAB initiator-core. 
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The imidazole density increases as the PAMAM dendrimer generation increases from 
1.39 CDI/nm2 (generation 3.0 modified) to 2.42 CDI/nm2 (generation 5.0 modified) as seen in 
Table 2-4. The theoretical imidazole density should be doubled as the generation number 
increased one. Compared to the amine density results listed in Table 2-3, the results of the 
CDI assays were only slightly larger, which can be explained by the reaction steps. First, the 
amine densities were determined indirectly through a two steps process (imine formation and 
hydrolysis). Since NB attached samples were analyzed in triplicate, samples could be lost 
during the weighing.  On the other hand, the CDI densities were determined directly using a 
one step reaction (imidazole hydrolysis). Second, NB modified materials were extremely 
sensitive to water. The reactions of several batches failed because of this reason. 
 
2.4 Conclusion 
The reproducibility of the covalent activation of different surfaces and the two 
density assays may need some improvement, even though the results of the amine density 
assays and CDI density assays closely agree with each other. These characterizations give 
quantitative information of the products, higher generation PAMAM dendrimers’ modified 
CPG possesses more reactive surface groups than those of the lower generations’. If possible, 
generation 6.0 and 7.0 should be tested to see where the upper limit of functional group 
density occurs. 
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Study of Metal Binding to Modified Controlled Pore Glass (CPG) 
 
Copper ion was selected for binding to various functional surfaces created on CPG 
support. These surfaces include: CPG-CDI (CDI-activated CPG), CPG-Gx.0 (generation 1.0 to 
5.0 PAMAM dendrimer modified CPG), CPG-Gx.0-CDI (products obtained after the second 
CDI-activation), CPG-Gx.0-NTA (lysine-NTA attached to PAMAM dendrimer immobilized 
CPG), and CPG-Gx.0-terpy (aminofunctionalized terpyridine attached to PAMAM dendrimer 
immobilized CPG). Using atomic absorption spectroscopy (AAS), the metal ion binding 
properties were determined and the binding capacities were calculated by two methods: break 
through curve and acid digestion. The methods and procedures used in this chapter were 
adapted from Cheng-Chi Chang.1 
 
3.1 Introduction 
Fresh water contamination is one of the major concerns of environmental protection.2 
Among the sources of water pollution is the discharge of toxic heavy metals, which has 
received great attention in recent years. The removal of toxic heavy metals from industrial 
and ecological wastewater can be achieved via several different approaches such as chemical 
precipitation.3 membrane filtration,4,5 ion exchange,6,7,8 and adsorption.2,9,10 In this work, 
strong metal ion chelates tethered to immobilized PAMAM dendrimers are found to be a 
promising way of removing Cu(II)  from neutral solutions. 
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3.1.1 Cu(II) Binding to Immobilized Ethylenediamine (EDA) Initiator-core PAMAM 
Dendrimers with Amine Terminal Groups 
Diallo et al. have pioneered the investigation of the uptake of Cu(II) by PAMAM 
dendrimers with an EDA initiator-core dissolved in aqueous solutions.11 They calculated the 
extent of protonation (EOP) of the amine groups of the PAMAM dendrimers using known 
pKas and the Henderson-Hasselbach equation. In Table 3-1 are the estimated extents of 
protonation for terminal and tertiary amine groups of the PAMAM dendrimers with EDA 
initiator-core.11  
 
Table 3-1. Extent of protonation of the terminal and interior tertiary amine groups for 
PAMAM dendrimers with EDA initiator-core11 
 
Fraction of protonated terminal NH2 Dendrimers 
pH 3 pH 5 pH 7 pH 9 
G3.0-NH2 0.99 0.99 0.99 0.80 
G4.0-NH2 0.99 0.99 0.99 0.88 
G5.0-NH2 0.99 0.99 0.99 0.94 
     
Fraction of protonated tertiary amine groups 
Dendrimers pH 3 pH 5 pH 7 pH 9 
G3.0-NH2 0.99 0.94 0.14 0.001 
G4.0-NH2 0.99 0.97 0.26 0.003 
G5.0-NH2 0.99 0.99 0.42 0.007 
 
Extents of binding (EOB) between dendrimer amine groups and Cu(II) were 
determined as a function of metal ion/dendrimer loading and solution pH (pH 5, 7, and 9), as 
illustrated in Figure 3-1.11 At pH 9, the EOB of Cu(II) increased linearly as the metal ion-
dendrimer mole ratio increased within the tested range. This was attributed to the low extent 
of protonation of the dendrimer amine groups (Table 3-1). At pH 7.0, the EOB of Cu(II) went 
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through a series of two distinct binding steps as metal ion-dendrimer mole ratio increased. 
Diallo attributed this behavior to the presence of sites with different Cu(II) binding affinity 
and capacity within the dendrimers, for example, to the exterior primary amine groups versus 
interior tertiary amine groups. At pH 5, no binding of Cu(II) was observed.11 The overall 
results suggested that the uptake of Cu(II) by EDA initiator-core PAMAM dendrimers 
involve both the dendrimer tertiary amine and terminal groups. However, the EOP of these 
groups controlled the ability of the dendrimers to bind Cu(II). 
The EOB data were obtained via a binding assay: (i) aqueous solution of Cu(II) and 
PAMAM dendrimers at room temperature were equilibrated, (ii) followed by separation of 
the copper loaded dendrimers from the aqueous solutions by ultrafiltration, (iii) and finally 
the pH and copper concentration of the equilibrated solution and eluents were measured.12 
The EOB (number of moles of bound Cu(II) per mole of dendrimer) was expressed as 
Equation 3-1.12  
€ 
EOB = Cuo −CuaCd
                                                       3-1 
where Cu0 is the concentration of initial the Cu(II) loading solution, Cua is the concentration 
of the eluent, Cd and is the total concentration of dendrimer in solution in mol/L. 
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Figure 3-1. Reproduced from Diallo.11 Extent of binding of Cu(II) in aqueous solutions of 
G3.0-NH2, G4.0-NH2, and G5.0-NH2 PAMAM dendrimers with EDA initiator-core as a function 
of solution pH and metal ion/dendrimer loading at room temperature.  
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They also used extended X-ray absorption fine structure  (EXAFS) spectroscopy to 
investigate Cu(II)-PAMAM dendrimer complex formation at pH 7.11 For amine terminated 
PAMAM dendrimers, primary, secondary, and tertiary amines, as well as amide oxygen sites, 
were the potential electron donors. The factor that controlled the ability of amine groups to 
bind to Cu(II) was the extent of protonation (EOP) (listed in Table 3-1). At neutral pH, the 
primary amine groups of PAMAM dendrimers had an EOP of 0.99. And metal ions must 
compete with protons for the donor sites. Meanwhile, the tertiary amine groups’ EOP were 
0.14, 0.26, and 0.42 for generation 3.0, 4.0, and 5.0, respectively. The two models Diallo 
proposed for Cu(II) coordination with the tertiary amine groups of PAMAM dendrimers at 
neutral pH in aqueous solution are shown in Figure 3-2. Based on quantitative analysis of 
their EXAFS spectra, each central Cu(II) metal ion appeared to be coordinated to four 
nitrogen ligands (bond distance 1.39-1.96 Å) in the equatorial plane and two  axial water 
molecules (bond distance 2.32 and 2.39 Å), forming a Cu-N4 complex. In I, a central Cu(II) 
metal ion was coordinated with two dendrimer tertiary amine groups, two NO3- ions, and two 
water molecules. Model II is simpler, the central Cu(II) metal ion was coordinated with four 
dendrimer tertiary amine groups and two water molecules. As these EXAFS-derived models 
have not been validated by atomistic simulations, Diallo et al. have not ruled out either 
model.11 
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Figure 3-2. Reproduced from Diallo.11 Models of Cu-N4 formation caused by a G2.0-NH2 
PAMAM dendrimer uptakes of Cu(II) at pH 7 in aqueous solution containing NO3- at room 
temperature. 
 
Based on their measured Cu(II) EOB, Diallo estimated the Cu(II) binding capacity 
(in mg Cu per g sample) of Gx.0 PAMAM dendrimers as shown in Table 3-2.13 
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Table 3-2. Cu(II) binding capacity of Gx.0 EDA initiator-core PAMAM dendrimers13 
  
Binding capacity (mg / g) Chelating ligand 
pH = 9.0 pH = 7.0 pH = 2.0~5.0 
G3.0-NH2 420.0 333.0 0 
G4.0-NH2 451.0 329.0 0 
G5.0-NH2 395.31 308.0 0 
 
Ottaviani et al. have also investigated the Cu(II)-dendrimer complexes formed by 
PAMAM dendrimers with amine terminal groups via analysis of electron paramagnetic 
resonance (EPR) signals.14 At low pH, Cu(II) competed with protons for binding with 
external amino groups, which became available for complexation at pH > 3.5. Between pH 4 
and 5, there were three components corresponding to (i) a Cu(H2O)62+ complex (Signal A and 
D), (ii) a complex with two surface primary amine groups (Signal C), and (iii) a complex 
with two surface primary amine groups and two tertiary amine groups (Signal B), as shown in 
Figure 3-3.14 At higher pH (> 6), the Cu(II)-N4 complex (Signal B) was the only species 
present in aqueous solutions, Cu(II) binding to two dendrimer interior tertiary amine groups 
and two exterior primary amine groups. This was different from Diallo’s Model II, at pH 7.0, 
in which Cu(II) binding is to four dendrimer interior tertiary amine groups.11 
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Figure 3-3. Reproduced from Ottaviani.14 Some of the possible locations of Cu(II) for 
formation of metal ion complexes with primary amine terminated PAMAM dendrimers. 
 
Ottaviani et al. have also studied the structures of Cu(II)-dendrimer complexes of 
PAMAM dendrimers with carboxyl terminal groups in aqueous solution using EPR.15 Three 
different complexes of Cu(II) with groups composing the dendrimer structure were identified 
for carboxyl terminated dendrimers: (i) lower generation dendrimers (generation 0, 1.0, and 
2.0) formed Cu(II)-N2O2 complexes which involved two terminal carboxyl groups and two 
tertiary amine groups at pH 3.0 to 10.0, (ii) as higher generation dendrimers presented a wide 
number of internal sites, Cu(II)-N3O (three tertiary amine groups and one oxygen from a 
terminal carboxyl group) or Cu(II)-N4 (four tertiary amine groups) complexes were observed 
for higher pH (> 5.5), and (iii) at low pH (< 4.5) Cu(II) formed monomeric carboxylate 
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complexes, as illustrated in Figure 3-4.15 These results showed pH dependence on Cu(II) 
binding for the complex systems, and must be considered when immobilizing fixed strong 
binding sites on the dendrimer arms. 
 
 
 
Figure 3-4. Reproduced from Ottaviani.15 Three possible locations of Cu(II) to complexes 
with carboxyl terminated PAMAM dendrimers: (i) formed by lower generation dendrimers, 
(ii) for higher generation dendrimers, (iii) at low pH conditions. 
 
3.1.2 Cu(II) Binding to NTA and Terpyridine  
Many strong binding polydentate ligands for Cu(II) are known.16,17 Withlow 
determined the structure of sodium nitrilotriacetatocopper(II) monohydrate in 1972 using 
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single-crystal X-ray analysis.18 He proposed that Cu(II) chelated to a nitrilotriacetate (NTA) 
group by means of four connecting bonds, three Cu-O and one Cu-N, with distorted 
octahedral geometry at the central metal ion, as shown in Figure 3-5.18 The stability of a 
metal ion-NTA complex is ordinarily described by a formation constant. For the 1:1 complex 
with Cu(II), the formation constant was 
€ 
logK f =12.94 .19  
 
 
Figure 3-5. Reproduced from Withlow.18 A perspective view of the packing in 
NaCuNTA⋅H2O.  
 
Terpyridine, another strong chelator, is a tridentate ligand with high molar 
absorptivity in the UV and weak basicity (pKa1 = 4.7, pKa2 = 3.3).20 Kim et al. assumed that 
there were two protons on terpy only when in nonadjacent positions.21 The asymmetric 
doubly protonated terpyridine forms only below pH 1.6, as shown in Figure 3-6.21 Therefore, 
at neutral pH, terpyridine was completely deprotonated. Holyer et al. studied the kinetics and 
thermodynamics of metal complex formation for a series of transition metal ions in aqueous 
	  
72	  
solution with terpyridine.20 They found that Cu(II) had the largest kinetic formation rate 
constants (kf = 2 × 107 mol-1s-1) for the mono complex, M(terpy)(H2O)n2+,  among all the other 
metal ions studied.20 Wood et al reported the formation constant for Cu(terpy)2+ as logKf = 
13.4, which is similar to the formation constant for Cu(NTA)-.22 This indicates that both 
chelators will provide strong fixed Cu(II) binding sites for IDAs. 
 
 
 
Figure 3-6. Reproduced from Kim.21 Possible protonation steps for terpyridine: (I) neutral 
molecule; (II) monoprotonated form; (III) deprotonated form. 
 
3.1.3 Determination of Metal-binding Capacity via Breakthrough Curves 
Methods for heavy metal removal using different linear polymers have been widely 
studied.23,24 Malachowski and Holcombe immobilized poly-L-aspartic acid (PLAsp) and 
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poly-L-glutamic acid (PLGlu),25 peptides and amino acids,26 and poly-L-histidine,27 onto 
CPG supports for chelation of metal cations. The metal ion-binding capacities were 
calculated through analysis of breakthrough curves generated by monitoring the metal 
concentration on a flow injection-flame atomic absorption system.25 They packed 100 mg of a 
modified CPG sample into a long glass column and flowed a 10 ppm metal-binding solution 
in 0.05 M ammonium acetate buffer. The breakthrough curve, effluent concentration versus 
volume, obtained on PLAsp-CPG and PLGlu-CPG for Cu(II) was reported as Figure 3-7 
(Lower), along with the structures of PLAsp-CPG and PLGlu-CPG (Upper).25 The capacities 
for individual metals were Cu(II) >> Ni(II) ≈ Cd(II) > Co(II) > Mn(II) >> Na(I) with PLAsp 
and PLGlu surfaces.25  
 
 
 
Figure 3-7. Reproduced from Malachowski and Holcombe.25 Breakthrough curves on 
PLAsp-CPG and PLGlu-CPG for Cu(II). 
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Metal ion binding breakthrough curves are adapted for exploring Cu(II) binding 
properties of a variety of sensing surfaces synthesis for this thesis work. The crucial 
difference from work described above is the use of spherical dendrimer in place of linear 
polymers that are modified with stronger fixed binding sites (immobilized NTA or terpy). 
 
3.2 Experimental Section 
The preparation of reagents and glassware were the same as described in section 
2.2.1. Most chemicals and materials have already been listed in section 2.2 are not presented 
in this section. 
 
3.2.1 Chemicals and Materials 
Nitric acid (68.0-70.0%, ACS reagent grade, CAS 7697-37-2), and methanol (reagent 
ACS/USP/NF grade, CAS 67-56-1) were purchased from Pharmco-AAPER. Hydrochloric 
acid (36.5-38.0%, Baker Analyzed ACS reagent, CAS 7647-01-0), cupric chloride dihydrate 
(crystal, ACS reagent, FW 170.48, CAS 10125-13-10), zinc chloride (granular, ACS reagent, 
FW 136.28, CAS 7646-85-7), and sodium chloride (granular, USP/FCC, FW 58.44, CAS 
7647-14-5) were purchased from J.T.Baker. The 1000 ppm copper reference standard 
solution (in dilute nitric acid) sodium hydroxide (50%, CAS 1310-73-2), and ammonium 
acetate (HPLC grade, FW 77.08, CAS 631-61-8) were purchased from Fisher. Nickel(II) 
chloride hexahydrate (ReagentPlus, FW 237.69, CAS 7791-20-0), and 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, ≥99.5% (titration), FW 238.30, CAS 
7365-45-9) were purchased from Sigma-Aldrich.  
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3.2.2 Instrumentation 
De-ionized water was provided by a SpectraPure Innovators In Water Technology 
Reverse Osmosis & Deionization (RO/DI) System equipped with a SpectraPure BA-ICE-S 
Electronic ICE Controller. Measurements of pH was performed with a Fisher Scientific 
Accumet model 50 pH/ion/conductivity meter with a Ag/AgCl pH electrode, calibrated with 
pH 4.00 and pH 10.00 BDH buffers. A Shimadzu AA-6650 Atomic Absorption 
Spectrophotometer (AAS) equipped with a Shimadzu ASC-6100 Auto Sampler along with a 
CEM MarsXpress microwave digester was used for metal binding studies. Two Bio-Rad 
Econo-Column pumps connected with Tygon (R3603 #57102) laboratory tubing, and a Bio-
Rad Model 2110 Fraction Collector were used for metal binding studies. 
  
3.2.3 Procedures 
3.2.3.1 Metal Binding of CPG Matrices 
Cu(II) loading reactions. A 500.0 mL volume of 5.0 ppm Cu(II) loading solution 
(pH 7.00) was prepared for every 100 mg modified CPG sample by dissolving 13.41 mg 
cupric chloride dihydrate in a 10.0 mM ammonium acetate (pH 7.00) buffer solution. The pH 
was adjusted with 1.0 M sodium hydroxide and 1.0 M hydrochloric acid. A 500.0 mL volume 
of 10 mM HEPES (pH 7.00) solution was also made in order to wash off any weakly bound 
metal ions from each metal loaded sample. 
Cu(II) and Ni(II) AAS calibration standards were made by diluting 1000 ppm Cu 
AAS Standard or 1000 ppm Ni AAS Standard, respectively, to concentrations between 0.50 
ppm and 10.00 ppm, with 0.50 M nitric acid. Shimadzu AALamps were used at the following 
wavelengths: Cu (324.8 nm), and Ni (323.0 nm). 
	  
76	  
Amine- and chelate-terminated CPG-Gx.0 samples were soaked in an ammonium 
acetate buffer (~20 mL) before loading reactions to recondition them. CDI-terminated 
samples were rinsed with a large volume of ammonium acetate buffer to hydrolyze the CDI 
groups into carboxylic acid groups. 
A loading system, as shown in Figure 3-8, was set up by connecting a Bio-Rad Poly-
Prep chromatography column (yellow cap) that contained 50~200 mg CPG matrices, and a 
pump together with laboratory tubing. The eluents were collected at 220 drops per tube (8.0 
mL each) at a flow rate of 1.0 mL/min. The mass of the fifth eluent was used for estimating 
the volume for all the eluents (corrected for water density at room temperature). Normally 
sixty tubes were collected for each run. Before the loading started, the column was prefilled 
with 6.0 mL of metal loading solution to ensure a equilibrated loading environment. 
 
 
 
Figure 3-8. A loading setup for metal binding reactions as described in section 3.7.3.1. The 
packed column is on the left with a yellow cap. 
 
AAS measurements were conducted on each tube, and on the wash solution (500.0 
mL of a 10 mM HEPES, pH 7.00, buffer solution), which was used to remove weakly bound 
ions. The 5.0 ppm (pH 7.00) metal loading solutions also acted as calibration checks for AAS 
measurements, one every 10 samples. 
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Ni(II) binding reactions. A 500.0 mL of 5.0 ppm Ni(II) loading solution (pH 7.00) 
was prepared for every 100 mg CPG sample by dissolving 20.25 mg nickel chloride 
hexahydrate in a 10.0 mM HEPES (pH 7.00) buffer solution. A 500.0 mL volume of 10 mM 
HEPES (pH 7.00) solution was also used for washing off weakly bound metal ion after each 
sample was loaded with metal ions. The reaction setup, Ni(II) calibration, and sample AAS 
measurements were the same as described for Cu(II) binding experiments. 
 
3.2.3.2 Microwave Digestion: Metal Loading Capacity 
First, 1.0 L of 1.0 M nitric acid solution was prepared by diluting 63.3 mL of 
concentrated nitric acid with de-ionized water. A metal loaded CPG sample was weighed out 
into three labeled Teflon digestion vessels, about 10. mg each and 5.00 mL of 1.0 M nitric 
acid solution was transferred into each vial by a pipet. Sample digestion was a two-staged 
procedure that heats the samples to 110 °C (1200 W) in 5.5 min and then stays at the 
temperature for 4 min before cooling back down to room temperature. 
The samples were rinsed out after microwave digestion with 1.0 M nitric acid, 
transferred to plastic 10cc syringes and filtered through 0.45 µm, 30 mm, syringe filters into 
10.00 mL volumetric flasks followed by dilution with a 1.0 M nitric acid solution and 
analyzed by AAS. 
 
3.3 Results and Discussion 
Among the step-wise addition of molecules onto a CPG surface, two of them, 
PAMAM dendrimer and the tethered chelates (NTA or terpy), are key to chemosensors’ 
functions. First, these tethered chelates provide possible binding sites for metal ions and 
ultimately determine the selectivity and sensitivity of the sensors for indicator dyes and small 
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substrate molecules via IDA. Before these sensors are tested, a few questions need to be 
asked. What are possible locations for the metal ion binding? How much metal ion can be 
taken up by each type of surface and does dendrimer size matter? What is the metal ion 
binding capacity for each type of surface at neutral pH after washing off weakly bound metal 
ions (strong versus weak binding)? 
 
3.3.1 Cu (II) Binding Capacities Using Breakthrough Curves on Dendrimer 
Immobilized CPG Surfaces 
The metal ion loading of samples is illustrated in Figure 3-9. The eluent is collected 
in test tubes for AAS analysis (Cu (II) concentration vs. volume) as loading solution is 
pumped into the top. The volumes for y-axis are normalized to the total volume of eluent 
collected for one gram of the sample (calculation is described later in this section). 
 
  
 
Figure 3-9. Cu(II) loading of CPG-G5.0-CDI. Left (before loading): sample remains the 
original color of pure silica and is packed at the bottom of a poly-prep column. Right (after 
loading): sample was saturated with metal ions and turning blue of chelated Cu(II) after 
approximately 500 mL loading solution being passed through. 
 
Breakthrough curves illustrate the effect of immobilized dendrimer size on metal ion 
binding. From the curves, total Cu(II) binding capacities can be calculated. Typical 
	  
79	  
breakthrough curves for PAMAM dendrimers immobilized CPG samples with primary amine 
terminal groups (CPG-Gx.0, generations 1.0 to 5.0) or carboxylic acid terminal groups 
(hydrolyzed CPG-Gx.0-CDI, generations 3.0 to 5.0) are in Figure 3-9. At the start of a 
collection, eluent concentration remains undetectable until enough volume of metal ion 
loading solution passes through the sample to saturate it. In Figure 3-10 Upper, the G5.0 
immobilized sample removed the most Cu(II) from the loading solution since the largest 
volume of loading solution is required before the eluent concentration returns to 5 ppm 
Cu(II). 
 
 
 
Figure 3-10. Mass normalized Cu(II) binding breakthrough curves of PAMAM dendrimer 
immobilized CPG samples at pH 7.0 showing a generation dependence. Upper: amine 
terminated surfaces with PAMAM dendrimer generation 1.0 to 5.0. Lower: carboxyl 
terminated surfaces with PAMAM dendrimer generation 3.0 to 5.0. 
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The second set of breakthrough curves are for CPG-Gx.0 modified with strong metal 
chelators is shown in Figure 3-11. All terminal primary amine groups of these samples have 
either a tethered chelate (NTA or terpy) or are converted to carboxylic acid groups under the 
experimental conditions. First, the breakthrough curves are somewhat steeper. They rise 
faster per eluent than the dendrimer only samples in Figure 3-10. This indicates stronger 
binding sites for Cu(II) as one would see in a strong acid-base titration vs. weak acid-base 
titrations.  
 
 
 
Figure 3-11. Mass normalized Cu(II) binding breakthrough curves of generation 3.0 to 5.0 
PAMAM dendrimer immobilized CPG samples at pH 7.0. Upper: NTA terminated surfaces. 
Lower: terpy terminated surfaces. 
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Second, despite different surface charge (-NTA3- versus -terpy0), as dendrimer 
generation increases loading volumes increase. When a sample is saturated, an equilibrium is 
achieved between the surface and the solution for Cu(II). In other words, the amount of metal 
loaded to the surface equals the amount released to the solution. If one compares a given G5.0 
surface, primary amine or carboxyl terminated in Figure 3-10, or NTA terminated in Figure 
3-11, >2000 mL/g sample of the loading solution is needed to achieve breakthrough back to 5 
ppm Cu(II). This is almost twice as much compared to CPG-G5.0-terpy in Figure 3-11, Upper. 
This may be attributed to the terpy sites blocking of interior Gx.0 binding sites for Cu(II), not 
just lower terpy loadings. 
In addition to monitoring the binding progress, Cu(II) binding capacity of a sample 
(including both strongly and weakly bound Cu(II)) can also be estimated from binding 
breakthrough curves, as depicted in Figure 3-12.1 The blue area in the figure illustrates the 
amount of Cu(II) bound to the sample whereas the green area is the amount of Cu(II) passed 
through. Since the eluent is collected with the exact same volume (numbered 1 to n), the total 
amount of Cu(II) bound to the CPG matrices can be calculated using Equation 3-2 (in mg 
Cu(II) per g sample). 
Total Cu(II) binding capacity = 
€ 
V
mCPG
C0 −Ck( )
k=1
n
∑                                    3-2 
where C0 is the concentration of the Cu(II) loading solution, Ck is the concentration of the 
number k eluent, V is the volume of the eluent in L, mCPG is the mass of the CPG matrices in 
g. To express the value in µmol Cu(II) per g sample, Equation 3-3 is used. 
Total Cu(II) binding capacity = 
€ 
15.736mol⋅ g−1( ) VmCPG
C0 −Ck( )
k=1
n
∑             3-3 
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Figure 3-12. Reproduced from Chang.1 Estimation of a sample’s Cu(II) binding capacity via 
its binding break through. Blue area: amount Cu(II) bound to the sample; Green area: amount 
of Cu(II) passed through the sample. 
 
Using Equation 3-3 and mass of each sample, total Cu(II) binding capacities (µmol 
Cu(II) per g sample) of the surfaces studied in this work are calculated and summarized in 
Table 3-3. The results show a clear increase in binding capacity when dendrimer generation 
increases from 1.0 to 5.0 for amine terminated CPG samples as well as for the other type of 
surfaces of generation 3.0 to 5.0. CPG-CDI and CPG-terpy, the control samples, give binding 
capacities of 39.8 µmol Cu(II) / g sample and 98.7 µmol Cu(II) / g sample, respectively. The 
binding of Cu(II) to CPG-CDI (with terminal carboxyl groups) may be a result of 
electrostatic binding of Cu(II) to CPG. For CPG-terpy, electrostatic binding and a large 
formation constant for Cu(II)-terpy complexes explain the large values. 
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Table 3-3. Total Cu(II) binding capacities on modified CPG surfaces using Equation 3-3 
determined directly via binding breakthrough curves for AAS data at pH 7.0 
 
Terminal group 
Total binding capacity  
(µmol Cu2+ / g sample) 
CPG-CDI 39.8 
CPG-terpy 98.7 
CPG-G1.0 79.0 
CPG-G2.0 85.4 
CPG-G3.0 117.7 
CPG-G4.0 137.0 
CPG-G5.0 188.9 
CPG-G3.0-CDIa 97.4 
CPG-G4.0-CDIa 117.1 
CPG-G5.0-CDIa 146.0 
CPG-G3.0-NTA 83.4 
CPG-G4.0-NTA 121.8 
CPG-G5.0-NTA 136.8 
CPG-G3.0-terpyb 48.0 
CPG-G4.0-terpyb 64.1 
CPG-G5.0-terpyb 100.2 
a. For CDI terminated surfaces, Cu(II) loads to carboxylic acid surface groups and 
dendrimer interior tertiary amine groups. 
b. For terpy bound CDI, Cu(II) loads to terpy groups, dendrimer interior tertiary amine 
groups, and carboxylic acid groups. 
 
Overall, Cu(II) binds to all kinds of surfaces tested in this research. However, these 
bindings may include weakly bound Cu(II) as well. For strong binding, the bound Cu(II) 
cannot be washed out with a pH 7.0 buffer. Whereas, weak binding has low formation 
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constants or non-specific bound Cu(II), which can be washed out with a pH 7.0 buffer. So a 
second approach is used to calculate strong bindings only as described below. 
The total binding capacities of CPG-Gx.0-NTA are almost twice as much for CPG-
Gx.0-terpy. The first possible reason is fewer terpy sites created on the dendrimers (The purity 
of the A-terpy used for generating terpy surface groups on dendrimers is only about 15 % 
based on preliminary NMR analysis.) The second reason is potential blocking to interior 
binding sites by terminally bound -(Cu-terpy)2+ by either electrostatic or hydrophobic means. 
 
3.3.2 Cu (II) Binding Capacities Using Acid Digestion on Dendrimer Immobilized 
CPG Surfaces 
For use as IDAs, modified CPG samples require removal of weakly bound Cu(II) to 
so that strong chelate-Cu-dye complexes can form. For all above samples, weakly bound 
Cu(II) is washed away using HEPES buffer before being acid digested. After digestion, 
samples are filtered and diluted to a fixed volume Vs with a concentration of Cs. The strong 
binding capacity (g Cu per g sample), after buffer wash, is calculated using Equation 3-4. 
Strong Cu(II) binding capacity = 
€ 
CS ×VS
MS
                                  3-4 
where ms is the mass of the sample. The calculated Cu(II) binding capacities are in Table 3-4. 
The Cu(II) binding capacities in Table 3-4 significantly decrease over total binding 
values in Table 3-3, especially for the two control samples, CPG-CDI and CPG-terpy. One 
conclusion based on this data is Cu(II) only weakly binds to CPG-CDI surface as it goes to 
zero after the buffer wash. CPG-terpy capacity decreases ~30% and final value probably 
represents Cu(II) binding to mostly terpy sites. The Cu(II) binding capacities of CPG-Gx.0 and 
CPG-CDI are about the same, which means the terminal amines groups do not participate 
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much to strong binding of Cu(II), which is consistent with the binding models above pH 7.0 
presented in the Introduction section.  
 
Table 3-4. Strong normalized Cu(II) binding capacities determined using acid digestion after 
buffer-wash treatment at pH 7.0 
 
Terminal group 
Strong binding capacity 
 (µmol Cu2+ / g sample) 
% Cu(II) lost  
from total binding 
CPG-CDI 0.0 100 
CPG-terpy 12.0 87.8 
CPG-G1.0 18.8 76.2 
CPG-G2.0 26.5 69.0 
CPG-G3.0 25.4 78.4 
CPG-G4.0 24.9 81.8 
CPG-G5.0 68.4 63.8 
CPG-G3.0-CDI 16.3 83.3 
CPG-G4.0-CDI 29.3 75.0 
CPG-G5.0-CDI 58.9 59.7 
CPG-G3.0-NTA 23.0 72.4 
CPG-G4.0-NTA 43.5 64.3 
CPG-G5.0-NTA 83.2 39.2 
CPG-G3.0-terpy 27.9 41.9 
CPG-G4.0-terpy 39.1 39.0 
CPG-G5.0-terpy 107.1 -6.9 
 
For most CPG-Gx.0-NTA samples, more than half of the Cu(II) are weakly bound and 
washed out by buffer solutions. For example, CPG-G3.0-NTA falls 72.4 %. Meanwhile, the 
results show larger binding capacities for ligand (NTA and terpy) terminated surfaces than 
dendrimer only, such as CPG-G5.0-NTA (83.2 µmol/g) vs. CPG-G5.0 (68.4 µmol/g). This can 
	  
86	  
be explained by the studies of Diallo11 and Ottaviani15. In their research, only tertiary amine 
groups are available for Cu(II) bindings at neutral pH, but not primary amine groups. 
Therefore, after the primary amine groups are further modified into NTA and terpy groups, 
there are more binding sites  (both tertiary amine groups and terminal NTA or terpy groups) 
available for Cu(II) ions. Apparently some interior sites are strong for Cu(II) binding. 
Furthermore, the high kinetics of formation (kf = 2 × 107 M-1s-1) for Cu-terpy complex in 
aqueous solution could account for the higher loadings for the surfaces with terpy terminal 
groups, but this seems unlikely as formation rates and formation constants measured at 
equilibrium are large for most polydentate chelates with Cu(II).20,22 Finally, the percentage 
Cu(II) lost from CPG-Gx.0-NTA is higher than that from CPG-Gx.0-terpy. One idea is that the 
hydrophobic -(Cu-terpy)2+ sites create some sort of barrier to Cu(II) penetration into or 
washing out from the interior Gx.0 sites.  
 
3.4 Conclusion 
Cu(II) binds to all kinds of surfaces synthesized for this research work, including 
primary amines, carboxylic acids, NTA, and terpy terminated surfaces. The results prove that 
larger dendrimers lead to larger binding capacities, according to both the binding break 
through curve and the acid digestion method. In addition, the formation of NTA- or terpy-
terminated surfaces, considerably increases the strong binding capacities for Cu(II), almost 
doubling them compared to only PAMAM dendrimer immobilized surfaces. We propose that 
those are due to the “extra” binding sites created by converting PAMAM dendrimer’s 
primary amine groups into strong metal chelates for Cu(II), which are available for binding at 
neutral pH. Finally, this work demonstrates a new utility of the Gx.0 modified surfaces, as 
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terpy is normally not very soluble in water at pH 7. Thus, the Gx.0 becomes a “solubilizing” 
platform for this chelate to operate efficiently to extract heavy metal ions at neutral pH. 
For future works, since the strong binding capacity of CPG-G5.0-tery increases (6.9 
%) instead of decreases compared to CPG-G3.0-terpy (41.9 %) and CPG-G4.0-terpy (39.0 %), 
Cu(II) binding reactions should be redone for explaining Cu(II) binding to terpy-terminated 
surfaces. The other question that remains unsolved is why CPG-Gx.0 has about the same total 
binding capacity as CPG-Gx.0-CDI (with carboxylic acid terminal groups). 
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Applications of Indicator Displacement Assays on Metal Loaded Surfaces and 
Formation of Ligand-Metal-Indicator Ternary Complexes In Aqueous Solution 
 
Copper(II) binding capacities of generation 3.0-5.0 PAMAM dendrimers 
immobilized CPG-Gx.0-NTA and CPG-Gx.0-terpy samples were determined via the acid 
digestion method in Chapter 3. This chapter describes work in which, the resulting Cu(II) 
loaded materials were applied to indicator displacement assays for recognition of small 
molecules using a fluorescent dye, 6,7-dihydroxy-4-methylcoumarin (DHMC). In addition, 
formation constants of ternary complexes (ligand-metal-indicator) of Cu(II), Ni(II), and 
Zn(II) with nitrilotriacetic acid (NTA), 2,2':6',2''-terpyridine (terpy) as ligands, and 
bromopyrogallol red (BPR) and pyrocatechol violet (PV) as indicators, in aqueous solutions, 
are reported as a reference to solid support based studies. 
 
4.1 Introduction 
Previous studies suggested the formation of a tetragonally distorted octahedral 
structure for Cu(II)-PAMAM dendrimer complexes at neutral pH.1,2 A Cu(II) central metal 
ion is coordinated to four dendrimer tertiary amine groups and two axial water molecules 
inside of the dendrimer.3 The bound water molecules can be displaced by an incoming dye 
molecule or a substrate, forming a five-membered ring structure with the central Cu(II) metal 
ion. In this work, CDI-activated CPG-Gx.0 are modified with two metal chelators, lysine-NTA 
(NTA) and aminofunctionalized terpyridine (terpy) (Figure 4-1), which convert dendrimer 
exterior primary amine groups into NTA and terpy groups, respectively. The resulting CPG 
surfaces are able to bind Cu(II) by not only their interior tertiary amine groups but also the 
newly generated surfaces groups. Due to steric effects (bad accessibility) and electrostatic 
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effects, the dendrimer interior tertiary amine groups are not responsible for most of the 
binding of Cu(II), especially after metal chelators are attached to the dendrimer exterior 
primary amine groups. These terminal groups further block the incoming molecules from 
reacting with the dendrimer interior. Herein, metal chelator (NTA or terpy) sites on the 
exterior of dendrimers bind most of the Cu(II), since they are exposed to the solution 
environment. In the case of IDAs, these metal chelator-Cu(II) sites are ready for incoming 
dyes and substrates. 
 
 
 
Figure 4-1. A Cu(II) metal ion binds to three terpy amine groups and two hydroxyl groups on 
DHMC. The bound DHMC can be displaced by an incoming substrate.  
 
The formation constants of ternary complexes of Cu(II), Ni(II), and Zn(II) metal ions 
with NTA or terpy and indicator dye in aqueous solutions are also reported to help guide 
selection of an appropriate indicator and to help confirm its reactivity with the surfaces. 
 
4.1.1 Indicator Displacement Assay (IDA) 
As described in Section 1.3, the indicator displacement assay (IDA) converts 
synthetic receptors into optional sensors. In this research, the type of IDA used was metal 
CPG
OH
OH
OH
O
OH
OH
OH
O
N
HNH
N
H
O
O
N
N
N
Cu2+
OH2
O
O O
CH3
O
Gx.0
DHMC
terpy
Substrate
	  
94	  
complexing IDA (M-IDA), in which an indicator binds reversibly to a chelated metal ion and 
is then displaced by a competing small molecule, as shown in Figure 4-2.4 
 
 
 
Figure 4-2. Schematic of a M-IDA. 
 
4.1.1.1 Metal Ion Indicators 
Many organic metal ion indicator dyes can be utilized as solution-based M-IDAs, 
such as bromopyrogallol red (BPR),5 pyrocatechol violet (PV),6 and 6,7-dihydroxy-4-
methylcoumarin (DHMC),7,8 the structures of which are illustrated in Figure 4-3. In weak 
acidic and basic solution, these indicators form metal ion-indicator complexes with divalent 
metals through two adjacent phenol groups.9  
 
 
 
Figure 4-3. Structures of indicators used in this research. 
Dendrimers
Controlled Pore Glass
Metal-Chelate
Controlled Pore Glass Controlled Pore Glass
Substrate
Substrate
Dye
Dye
Dye
Dye
Dye
Dye
Dye
Dendrimers Dendrimers
O O
BrBr
HO
OH OH
SO3H
SO3H
O
OHOH
HO
O O
HO
HO
CH3
bromopyrogallol red (BPR) pyrocatechol violet (PV) 6,7-dihydroxy-4-methylcoumarin (DHMC)
	  
95	  
 
 
PV is a frequently used metal indicator for spectrophotometric titration of heavy 
metals.5,6 It is a dark reddish-brown crystalline powder with blue-green metallic luster. As a 
result of proton dissociation, the color of PV in aqueous solution changes from red to red-
violet when pH increases. The color change can be quantitatively detected using a UV-visible 
spectrometer, as illustrated in Figure 4-4. By manipulating solution pH, one should be able to 
control PV binding to chelated Cu(II) on the sensor surfaces. 
 
 
 
Figure 4-4. Proton dissociation scheme of PV. At neutral pH, H3L- and H2L2- are the two 
dominant species. 
 
BPR has pKa1 = 4.39, pKa2 = 9.06, and pKa3 = 11.31.10 Greaney et al. applied BPR to 
Ni-NTA tethered PAMAM dendrimers on CPG for detection of amino acids using IDAs.11  
Ragell et al. studied the fundamental interaction of DHMC (a fluorescent metal ion 
indicator) with solvents and metal ions.12 These interactions were attributed to metal ion 
binding to the OH groups and their relative position on the benzene ring. The OH groups 
formed a five- or six-membered ring structure with the solvent molecule or the metal ion.12 
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4.1.1.2 Substrates 
Sensing of phosphates is of special interest due to the ubiquitous presence of 
phosphate and molecules containing this functional group in life science. Ambrosi et al. used 
two different Zn(II)-dinuclear systems as receptors for the discrimination of phosphate (Pi) 
from pyrophosphate (PPi) in aqueous solution in a wide range of pH (6< pH <10).13 One of 
the receptor systems (with a polyamino-phenolic ligand: 3,30-bis[N,N-bis(2-
aminoethyl)aminomethyl]-2,20-dihydroxybiphenyl), as illustrated in Figure 4-5 on the left, 
demonstrated selectivity toward PPi over Pi due to PPi bridging the two Zn(II) centers.13 
Anslyn et al. have also studied the binding affinities of different phosphates using the IDA 
approach and a Cu(II) chelated host system, as seen in Figure 4-5 on the right.14 The HPO42- 
binding constant was reported as 1.5 × 104 M-1.14 
 
  
 
Figure 4-5. Left graph is reproduced from Ambrosi.13 A Zn(II)-dinuclear system. Right graph 
is reproduced from Anslyn.14 A Cu(II) chelated host system for studying phosphate binding 
affinities. 
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4.1.2 Ternary Complex Formation in Aqueous Solution 
Here we report the formation of ternary complexes ([LMI]n. L: ligand; M: metal ion; 
I: indicator; n: charge of the ternary complex). These has been studied by titrating metal ion-
ligand ([ML]m. m: charge of the binary complex) solutions into indicator solutions (I). At 
equilibrium, the ternary complex formation may be represented using Equation 4-1. The 
formation constant is expressed using Equation 4-2. 
 
€ 
ML[ ]m + I⇔ LMI[ ]n                                                 4-1 
€ 
K =
LMI[ ] f
n
ML[ ] f
m I[ ] f
=
LMI[ ] f
n
ML[ ]i
m
− LMI[ ] f
n( ) I[ ]i − LMI[ ] fn( )
                        4-2 
where 
€ 
LMI[ ] f
n , 
€ 
ML[ ] f
m , and 
€ 
I[ ] f  are the concentrations of the ternary complex, binary 
complex, and indicator at equilibrium, respectively. The values, 
€ 
ML[ ]i
m  and 
€ 
I[ ]i , are the 
concentrations of the binary complex and indicator at the beginning of the reaction, 
respectively. 
Rearrangement of Equation 4-2 leads to Equation 4-3. To simplify the calculation of 
formation constant for spectrophotometric titrations by GraphPad Prism, Beer’s law 
(Equation 4-4) is combined with Equation 4-3 to give Equation 4-5. Using GraphPad Prism 
software, formation constants can be calculated with a non-linear least-square curve fit 
equation (Equation 4-5). A titration curve is generated with x-axis for metal ion-ligand 
concentration (
€ 
ML[ ]i
m ) and y-axis for absorbance. Ci is the concentration of the indicator at 
the beginning of the titration (
€ 
I[ ]i ). K is the formation constant.  
€ 
LMI[ ] f
n
=
ML[ ]i
m
+ I[ ]i +
1
K
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
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€ 
A = ε⋅ l⋅ c                                                         4-4 
€ 
y = ε2 × Ci + x +
1
K
⎛ 
⎝ 
⎜ 
⎞ 
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⎜ 
⎞ 
⎠ 
⎟ 
2
− 4 × Ci × x
⎫ 
⎬ 
⎪ 
⎭ ⎪ 
             4-5 
where A is measured absorbance, ε is the absorption coefficient in cm-1mol-1L, l is the length 
of the sample in cm that light passes through, and c is the molar concentration of the 
absorbing species in solution.  
 
4.2 Experimental Section 
4.2.1 Chemicals and Materials 
The preparation of reagents and treatment of glassware were the same as described in 
Section 2.2.1. Only chemicals used in this chapter are listed below.  
Nitric acid (68.0-70.0%, ACS reagent grade, CAS 7697-37-2), acetic acid (glacial, 
ACS reagent grade, CAS 64-19-7), and methanol (reagent ACS/USP/NF grade, CAS 67-56-
1) were purchased from Pharmco-AAPER. Hydrochloric acid (36.5-38.0%, Baker Analyzed 
ACS reagent, CAS 7647-01-0), cupric chloride dihydrate (crystal, Baker Analyzed ACS 
reagent, FW 170.48, CAS 10125-13-10), zinc chloride (granular, Baker Analyzed ACS 
reagent, FW 136.28, CAS 7646-85-7), sodium phosphate dibasic anhydrous (USP/FCC, FW 
141.96, CAS 7558-79-4), and sodium chloride (granular, USP/FCC, FW 58.44, CAS 7647-
14-5) were purchased from J.T.Baker. Sodium hydroxide (50%, CAS 1310-73-2) was 
purchased from Fisher. Nickel(II) chloride hexahydrate (ReagentPlus, FW 237.69, CAS 
7791-20-0), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, ≥99.5% (titration), 
FW 238.30, CAS 7365-45-9), bromopyrogallol red (BPR, 70%, indicator grade, FW 574.15, 
CAS 16574-43-9), pyrocatechol violet (PV, FW 386.38, CAS  115-41-3), sodium phosphate 
dibasic (Pi, ≥99.0%, FW 141.96, CAS 7558-79-4), sodium pyrophosphate decahydrate (PPi, 
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≥99%, FW 446.06, CAS 13472-36-1), adenosine 5’-triphosphate disodium salt hydrate (ATP, 
≥99%, FW 551.14, CAS 987-65-5), adenosine 5’-diphosphate sodium salt (ADP,  ≥95%, FW 
427.20, CAS 20398-34-9), 2,2’-dipyridyl (bpy, ReagentPlus, ≥99%, FW 156.19, CAS 366-
18-7), ethylenediamine (en, ReagentPlus, ≥99%, FW 60.10, CAS 107-15-3), and 
nitrilotriacetic acid anhydrous (NTA, N9877, Sigma Grade, 99.5%, FW 191.1, CAS 139-13-
9) were purchased from Sigma-Aldrich. The 6,7-dihydroxy-4-methylcoumarin (DHMC, 97%, 
FW 192.17, CAS 529-84-0), and the 2,2’:6’,2”-terpyridine (terpy, 97%, FW 233.28, CAS 
1148-79-4) were purchased from Alfa Aesar. 
 
4.2.2 Instrumentation 
De-ionized water was provided by a SpectraPure Innovators In Water Technology 
Reverse Osmosis & Deionization (RO/DI) System equipped with a SpectraPure BA-ICE-S 
Electronic ICE Controller. UV-Vis measurements were done on an Agilent 8453 UV-Visible 
Spectrophotometer equipped with an Agilent 89090A Peltier Temperature Controller or a 
Varian Cary 5000 UV-Vis-NIR Spectrophotometer equipped with a Varian Cary Dual Cell 
Peltier Accessory (model SPV-1X1). A Horiba Jobin Yvon FluoroMax-4 Spectrofluorometer 
was used to measure fluorescence. 
 
4.2.3 Procedures 
4.2.3.1 IDAs with Modified CPG Matrices 
1. Batch IDA 
First, 2.0 L of 10 mM HEPES, 50 mM sodium chloride (pH 7.00) solution was made 
by dissolving 4.766 g HEPES and 5.844 g sodium chloride in de-ionized water. Next, 1.0 L 
of 0.02000 mM BPR or DHMC or 0.06000 mM PV in 10 mM HEPES, 50 mM sodium 
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chloride, pH 7.00, dye solution was made by dissolving 11.48 mg BPR (this assumes 100 % 
purity) or 3.84 mg DHMC or 23.18 mg PV in the 10 mM HEPES, 50 mM sodium chloride 
pH 7.00 solution. Then, 0.100 M Pi, PPi, ATP, ADP and en solutions were made by 
dissolving these substrates with 1.000 mL of 10 mM HEPES, 50 mM sodium chloride pH 
7.00 solution were delivered by a P1000 digital pipet. Bpy was dissolved in 1.000 mL 
methanol. (BPR concentrations were not corrected and the purity was assumed to be 100%.) 
About 10 mg of CPG matrices was weighed out into a labeled scintillation vial. A 
volume of 5.00 mL dye solution was transferred into the vial by a volumetric pipet. The vial 
was placed onto a shaker and mixed for 18-24 hours. The initial absorbance or emission 
spectrum was taken before and again after mixing. Solutions that had been transferred to a 
quartz cuvette for the spectroscopic measurement were returned to the corresponding vial 
after the measurements.  
A volume of 25.1 µL of each 0.100 M substrate solution was spiked into the 
corresponding vial to react with the dye loaded CPG matrices (final substrate concentration 
was 0.500 mM). Then, the vials were put onto a shaker and mixed for 24 hours, after which, 
the final absorbance or emission spectra were measured.  
2. Continuous IDA 
The solution preparation was the same as described for batch IDAs. About 10 mg of 
modified CPG was weighed out into a labeled scintillation vial. A flow cell system was set up 
by connecting a Bio-Rad Poly-Prep chromatography column contained the sample and a 
quartz cuvette with 75 cm laboratory tubings and a pump. The flow rate was set at 1.0 
mL/min on the pump. 
Before the circulation started, both of the column and the cuvette were filled with dye 
solution of 4.00 mL and 3.00 mL, respectively, using a digital pipet. After the circulation 
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approached a stable flow rate (about 10 min) another 3.00 mL of the dye solution was added 
into the column. Absorbance or emission spectra were taken once a minute until the reactions 
were finished. 
Next, a series (volume of 10 to 100 µL) of 0.100 M substrate solutions were spiked 
into the column to react with the dye loaded CPG matrices. Measurements were recorded 
once a minute. Each addition of the substrate was ten minutes apart.  
 
4.2.3.2 Indicator-Metal-Chelate Complex Formation in Aqueous Solution 
First, 2 L of 10 mM HEPES, 50 mM sodium chloride (pH 7.00) solution and 1.0 L of 
0.02000 mM BPR or 0.06000 mM PV (10 mM HEPES, 50 mM sodium chloride) (pH 7.00) 
dye solution were prepared. Next, 25.00 mL of 10.0 mM metal-chelate (pH 7.00) solution 
was prepared by dissolving a metal chloride or nitrate salt and a chelate (NTA or terpy) in a 
dye solution with pH adjusted to 7. In order to ensure a reliable experimental environment, 
the mole ratio of chelate to metal salt was ~1.05 to 1.0. 
Spectrophotometric titrations. A series of aliquots (5 µL to 200 µL) of 10.0 mM 
metal-chelate solution was added into a cuvette that held 2.500 mL of the dye solution with 
mixing. Measurements were recorded 1.5 min after the additions and the results were first 
processed using Excel and then transferred to Prism for analysis. There was no need to 
correct data for dilution, since the metal-ligand complexes solutions were prepared in the 
same concentration dye solutions. Therefore, titration would not dilute the dye concentration 
and clear isosbestic points were expected for (1:1) reaction.15 Absorbance changes were 
measured at 554 nm and 610 nm for BPR titrations, at 440 nm and 600 nm for PV titrations. 
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4.3 Results and Discussion 
DHMC was used as the indicator in the IDAs for sensing substrate molecules, such as 
different phosphates (PPi, Pi, ATP, ADP) and other small molecules (bpy and en) that can 
form five- or six-membered ring structures with surface bound Cu(II) metal ions. The goal of 
this study was to discover the selectivity order of different sensor surfaces toward the 
substrates, which was also correlated to solution titration results. 
In aqueous solution, spectrophotometric titrations were performed in order to 
determine the formation constants of various ternary ligand-metal-indicator complexes 
(indicators: BPR and PV; metal ions: Cu(II), Ni(II), and Zn(II); ligands: NTA and terpy) at 
neutral pH. 
 
4.3.1 Ternary Complex Formation in Aqueous Solution 
Ternary complexes are formed by titrations of metal ion-ligand binary complex 
solutions into BPR or PV solutions. These experiments are performed as a way to select the 
ternary systems that are appropriate for solid IDA based studies, some of which are carried 
out by other graduate students in the research group. In Figure 4-6 is a sample titration curve 
of dye BPR and [Cu-NTA]. At a shorter wavelength (554 nm), absorbance decreases as the 
free dye becomes part of the ternary complex concentration in the solution. At longer 
wavelength (610 nm) the ternary complex forms and the absorbance increases.  
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Figure 4-6. Titration curve of dye BPR with [Cu-NTA] in aqueous solution. 
 
A non-linear least-squares equation (Equation 4-5) is used to fit the data for the 
ternary product BPR-Cu-NTA. Non-linear least-square fit curves of BPR with [Cu-NTA] are  
created at two different wavelengths (554 nm and 610 nm) sing Prism software, as shown in 
Figure 4-7. The formation constants determined from these types of curves are in Table 4-1. 
Each titration was performed in triplicate and each range cited in the table is from 1~2 
samples with the same surface. Cu(II) formed the strongest ternary complexes among the 
metal ions. In pH 7.0 HEPES buffer, the titrations Cu-terpy and Cu-NTA with PV didn’t have 
clear isosbestic points, so the formation constants are not reliable. Formation of Zn(II) ternary 
complexes with PV was a failure due to the precipitation of Zn(II) salts in aqueous solution at 
neutral pH. 
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Figure 4-7. Non-linear least-squares fits (solid line) to data points for calculating formation 
of BPR-Cu-NTA at 554 nm (Upper) and 610 nm (Lower) in the titration. 
 
Table 4-1. Results of formation constants of ligand-metal-indicator ternary complexes 
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Based on the results, BPR-Ni-terpy, BPR-Cu-NTA, BPR-Cu-terpy, and PV-Ni-terpy, 
with smaller K values, show good potential for solid support based IDA studies. 
 
4.3.2 IDAs with NTA and Terpy Terminated CPG Matrices 
In this work, indicator displacement assays are performed via two different ways: in 
batches or using a continuous mode by monitoring concentration change over time until the 
reaction is completed, as seen in Figure 4-8. In a continuous IDA, detailed spectroscopic 
changes with time are observed. Most important, it helps to determine the exact reaction time 
for a specific sample, which can be used for a batch reaction.  Therefore, in a batch IDA, 
indicator concentration is only measured twice, at the beginning and end of the reaction. 
 
 
 
Figure 4-8. Two ways for preparing IDA reactions. Left: For a continuous mode IDA, the 
sample was packed at the bottom of a poly-prep column. A volume of 10.0 mL of metal ion 
solution is circling from the column to the fluorometer for measurements. Emission spectra 
are taken every minute until the reaction is completed. Right: A batch mode IDA. Picture 
with DHMC loaded on the sample. 
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When surface tethered Cu(II) ions bind with DHMC, their color changes from blue to 
light yellow. Since Cu(II) ions are attached to chelating agents on the exterior primary amine 
groups of dendrimers and also to the tertiary amine groups inside of the dendrimer, two 
reaction mechanisms are considered for the IDAs. The first proposed mechanism is shown in 
Figure 4-9. A Cu(II)-terpy complex on the exterior of a PAMAM dendrimer binds DHMC, 
removing the blue visible color and forming yellow CPG.  Then a competing substrate may 
displace the DHMC from the metal ion, depending on its binding affinity with Cu(II)-terpy 
site, returning the color of the modified CPG to yellow-blue.  
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Figure 4-9. Schematic of a M-IDA. In this case, DHMC is used as the fluorescent indicator, 
which forms a five-membered ring structure with the central Cu(II) metal ion. Then a 
substrate displaces DHMC from the Cu(II) metal ion and forms a similar ring structure. The 
final coordination number around Cu(II) is unknown. 
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In Figure 4-10, the second possible binding mechanism is presented. DHMC reacts 
with a Cu(II) metal ion which is bound to four tertiary amine groups inside of a PAMAM 
dendrimer at neutral pH, causing the same emission changes. At this point, DHMC forms a 
ternary complex with the PAMAM dendrimer interior bound Cu(II). However, it may also 
remove the loosely bound Cu(II). In this case, a control with CPG-Gx.0-Cu should be 
performed. To minimize this interaction, all of the CPG modified Cu(II) samples are washed 
with buffer solution. 
 
 
 
Figure 4-10. DHMC binding to a Cu(II) metal ion bound to the interior of a PAMAM 
dendrimer, based on mode by Diallo.1 
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Six substrates were analyzed using the M-IDA approach, as shown in Figure 4-11. 
ADP, ATP, and pyrophosphate should form six-membered ring structures with divalent metal 
ions. Meanwhile, bpy and en should form five-membered rings. The idea for choosing bpy 
and en comes from an article published by Greaney.11 In his study, 12 standard amino acids 
were tested using Ni-NTA tethered to PAMAM dendrimers on CPG. The results showed 
detectable responses for bpy and en. 
 
 
 
Figure 4-11. Illustration of the six substrates studied in this research work. All of these 
molecules form five- or six-membered rings with divalent metal ions.  
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solution by a modified CPG sample, x-axis: dendrimer immobilized surfaces with terpy 
terminal groups). The percentage of DHMC bound was calculated using Equation 4-6. 
% DHMC bound = 
€ 
EI − EC
E I
×100%                                       4-6 
where EC is the DHMC emission measured after the 24 h reaction with the modified CPG 
sample, EI is the emission of the DHMC solution before the reaction. 
 
 
Figure 4-12. DHMC selectivity for three PAMAM dendrimer immobilized surfaces: CPG-
G5.0-terpy-Cu, 1; CPG-G5.0-NTA-Cu, 2; and CPG-G5.0-terpy-Ni, 3. 
 
CPG-G5.0-terpy-Cu and CPG-G5.0-NTA-Cu removed more than 90% of the indicator 
from the solution after the 18-24 hour loading reactions. By contrast, CPG-G5.0-terpy-Ni only 
absorbed 17.7% of the DHMC from the solution, leaving only a small signal range for 
detecting any potential analyte. Consequently, the first two sensing surfaces, 1 and 2, were 
selected for IDA reactions with the six substrates: ADP, ATP, Pi, PPi, bpy, and en.  
In this research, substrate selectivity is evaluated by the percentage of surface bound 
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(~10 mg each). A volume of 5.00 mL DHMC solution was used for indicator attachment, 
before a 25.2 µL of a 0.50 M substrate solution was spiked in to each sample for 
displacement of bound DHMC. The % DHMC displaced was calculated using Equation 4-7. 
% DHMC displaced = 
€ 
ES −EC
EI − EC
×100%                                 4-7 
where EC is the DHMC emission measured after the 24 h reaction with the modified CPG 
sample, EI is the emission of the DHMC solution before the reaction, ES is the DHMC 
emission 24 h after the substrate addition. In Table 4-2, the percentage of DHMC displaced is 
presented for NTA-Cu and terpy-Cu terminated generations 3.0 to 5.0 PAMAM dendrimer 
tethered CPG matrices. 
 
Table 4-2. % DHMC displaced by six different substrates for CPG~~NTA-Cu and 
CPG~~terpy-Cu matrices as a function of dendrimer generation 
 
% DHMC displaced Sensor 
PPia Pia ATPa ADPa bpya ena 
CPG-G3.0-NTA-Cu 45.0 -4.93b 13.8 1.82 2.81 55.8 
CPG-G4.0-NTA-Cu 34.9 -2.52b 9.47 3.70 -0.663b 29.6 
CPG-G5.0-NTA-Cu 30.5 -0.498b 8.89 4.21 -1.72b 23.2 
CPG-G3.0-terpy-Cu 111 -20.8b -20.5b -41.3b 2.48 75.8 
CPG-G4.0-terpy-Cu 69.2 -9.26b -2.02b -41.7b -12.1b 53.2 
CPG-G5.0-terpy-Cu 21.0 -9.33 14.4 -5.82b -8.93b 4.78 
a. The initial concentration of any substrate solution was 0.50 mM (batch mode). 
b. A negative value results if a substrate addition quenches the DHMC emission.  
 
In general, when the dendrimer generation increases, the percentage of bound DHMC 
displaced by the same amount of substrate decreases. First, this counter-intuitive result may 
be due to a larger number of reactive groups (NTA-Cu or terpy-Cu) possessed by higher 
generation PAMAM dendrimers. When the substrate concentrations are the same, the amount 
of DHMC displaced into solution should be about the same. G3.0 removes the least DHMC 
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from the solution therefore it has the most bound DHMC displaced. The second reason could 
be larger interior cavities of higher generation dendrimers, which trap more indicator 
molecules and cannot be displaced by substrates.  
Three of the substrates (PPi, ATP, and En) give positive responses whereas Pi, ATP, 
and ADP show very small or negative signal changes. The cause of the negatively changed 
signal is some interaction between free dye and substrate as discussed in the control 
experiment section. The results in Table 4-2 and Figure 4-13, show that both CPG~~NTA-Cu 
and CPG~~terpy-Cu matrices have selectivity for PPi, ATP, and en over other tested 
substrates. Therefore that ATP gives more displacement than ADP may be due to 
minimization of steric effects. ATP has one more phosphate unit compared to ADP, which 
makes adenosine further away from the Cu(II) binding sites (Figure 4-10). The less 
replacement for Pi can be explained by the unstable four-membered ring formed with Cu(II), 
whereas PPi forms a stable six-membered ring with Cu(II). 
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Figure 4-13. Substrate selectivity of two G5.0 sensing surfaces for 0.50 mM PPi, Pi, ATP, 
ADP, bpy, and en. Reaction time is 18 to 24 hours. Upper: CPG-G5.0-terpy-Cu. Lower: CPG-
G5.0-NTA-Cu. 
 
4.3.2.2 Sensitivity of CPG~~NTA-Cu and CPG~~terpy-Cu Matrices 
The sensitivity of a sensor (largest signal change / [substrate]) depends upon the 
number of sensing groups available for attaching indicators. Generally speaking, better 
sensitivities should be observed for larger dendrimer modified samples. In Table 4-3, DHMC 
binding capacities of different generation PAMAM dendrimer modified surfaces with various 
surface functional units are listed. DHMC binding capacities are presented as µmol DHMC 
per g sample (CPG-Gx.0-NTA or CPG-Gx.0-terpy) using Equation 4-8. 
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     DHMC binding capacity (µmol DHMC/g sample) = 
€ 
106 × EI − EC( ) × CI ×VI
EI × mCPG
         4-8 
where EI is the DHMC emission measured before any further reactions, EC is the DHMC 
emission measured after the 24 h reaction with the modified CPG sample, CI is the initial 
DHMC molar concentration, VI is the volume of the DHMC solution in L, and mCPG is the 
mass of the CPG-Gx.0-NTA or CPG-Gx.0-terpy sample for the batch in g.  
 
Table 4-3. DHMC binding capacities of different Cu(II) bound CPG matrices and % DHMC 
absorbed from the solutions 
 
Surface µmol DHMC / g sample % DHMC 
CPG-G3.0-NTA-Cu 8.928 ± 0.452 92.55 ± 1.24 
CPG-G4.0-NTA-Cu 9.073 ± 0.506 94.89 ± 0.51 
CPG-G5.0-NTA-Cu 10.53 ± 1.12 96.57 ± 0.49 
CPG-G3.0-terpy-Cu 2.929 ± 0.371 56.70 ± 7.78 
CPG-G4.0-terpy-Cu 3.474 ± 0.051 71.26 ± 1.94 
CPG-G5.0-terpy-Cu 5.913 ± 0.095 92.19 ± 2.63 
The Cu(II) bound CPG matrices are analyzed in triplicates therefore standard deviation date 
are calculated. 
 
The results show only a slight increase in binding capacity for NTA-Cu terminated 
surfaces when dendrimer generation increases from 3.0 to 5.0. In contrast, a larger increase in 
DHMC loading from G3.0 to G5.0 is apparent for terpy-Cu terminated samples. Therefore, 
higher generations’ modified materials have a better sensitivity for indicators. Combining the 
results from Table 4-2 and Figure 4-14, shows that substrate sensitivity unexpectedly 
decreases as the dendrimer generation increases for substrates PPi, ATP, and en. We 
hypothesize that some -(Cu-terpy)2+ sites are not loaded with DHMC will still bind substrate 
,causing no change in emission. The DHMC may also bind non-specifically to the interior of 
dendrimers although control experiments do not support this idea. 
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Figure 4-14. Indicator displaced by substrates: PPi, ATP, and En (as a function of PAMAM 
dendrimer generation) on generation 3.0-5.0 PAMAM dendrimer immobilized samples. 
Upper: CPG-Gx.0-terpy-Cu. Lower: CPG-Gx.0-NTA-Cu. 
 
4.3.2.3 Control Experiments 
First, several CPG samples are soaked in DHMC solutions in order to study DHMC 
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DHMC removal in the IDA experiment via non-specific binding is not important. To this 
point, control experiments with a larger excess of DHMC to Cu(II) needs to be completed. 
 
 
 
Figure 4-15. A control experiment of DHMC and PV attachments to sensing systems without 
bound Cu(II) metal ions. (Solution preparations and conditions are as described for the IDAs 
with Cu(II) bound surfaces.) 
 
In comparison to DHMC, PV shows strong non-specific binding only to PAMAM 
dendrimers modified samples and increases with size of immobilized dendrimers. It would 
seem that, PV molecules are either trapped inside of the dendrimer or have greater attraction 
than DHMC for CPG-Gx.0-NTA surfaces. The unusual binding to the CPG-CDI surface may 
be due to negatively charged carboxylic acid groups. 
Indicators could also bind to carboxyl-terminated surfaces with interior Cu(II) (no 
terpy or NTA) as illustrated in Figure 4-10. These control experiments still need to be 
explored. 
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The second series of control experiments explores the interaction between substrates 
and DHMC free in solution. Figure 4-16 depicts the results. Emission change is enhanced by 
addition of high concentration of substrate PPi, Pi, and en by ~10 to 20 % at 0.50 mM 
substrate, while ATP, ADP quenched the initial emission by ~10 to 15 %. To minimize these 
“substrate effects”, a control sample of only DHMC and substrate is needed for every batch 
of IDA. The emission changes in the IDA need to be corrected by the control samples, except 
at very low loads. 
 
 
 
Figure 4-16. Control experiment regarding the “substrate effects”. (Solution preparation and 
conditions are as described for IDAs with Cu(II) bound surfaces.) 
  
4.4 Conclusion 
Immobilization of PAMAM dendrimers on solid support CPG dramatically 
benefitted the IDAs. Moreover, modification of PAMAM dendrimer primary amine surface 
groups into strong metal chelators, further enhanced the metal ion binding capacities. This 
enhanced binding capacity, in turn, significantly increases the sensitivity of the sensors. 
However, control experiments show “substrate effects” and unexpected nonspecific bindings 
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(possibly due to DHMC or PV trapped inside of PAMAM dendrimers). For future work, 
better ways to eliminate “solvent effects” and “substrate effects” should be developed. 
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